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ABSTRACT
Remedial measures to reduce nutrient delivery from forested water­
sheds to Lake Tahoe must have a sound scientific basis to be effective. 
Nitrate transport from Tahoe watersheds is poorly understood and local 
data base is scant.
This investigation was initiated to gather baseline data with a 
focus on identifying the hydrologic pathways of nitrate to a stream in 
an undisturbed headwater watershed. Precipitation, vadose water, ground- 
water, and stream water were hydrologically monitored and sampled for 
chemical analyses on a temporal and areal basis. Data was collected 
during the heaviest snowpack accumulation in over 100 years.
Streamflow was groundwater controlled. Only during snowmelt were 
direct contributions to the stream significant.
Nitrate loading to the watershed via precipitation was about 36 kg 
for the 9 months of study. Nitrate nitrogen output was 0.6 percent of 
this loading indicating almost complete removal or retention within the 
ecosystem. Meltwater entering the stream as overland flow over saturated 
soil was the dominant contributor to stream nitrate output. Groundwater 
consistently had the lowest nitrate concentrations of the regimes sam­
pled. Likely in-soil nitrate removal/uptake mechanisms are denitrifi­
cation in the groundwater and plant uptake in the vadose zone. The 
spatial and temporal dominance of groundwater-generated streamflow 
kept in-stream concentrations below 0.010 mg/1. Nitrate concentrations 
in the stream were detectably elevated only when the subsurface runoff 
pathways were bypassed by direct contributions of water to the stream.
An original conceptual synthesis of snowmelt hydrology was developed
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from the data. The synthesis indicates the existence of "self-feeding" 
mechanisms which tend to maintain existing hydrologic processes.
Snowmelt fractionation was indicated. Lagging of nitrograph peaks 
behind stream discharge peaks is suggested to result from the super­
position of diel fluctuations in nitrate removal/uptake rates engendered 
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INTRODUCTION
Throughout the arid, mountainous, western United States, communities 
rely on supplies of clean, fresh water originating as snowmelt in forest­
ed headwater streams, for drinking water, recreation, agriculatural 
irrigation and a variety of other uses. Aquatic and riparian ecosystems 
are also dependent on water quality and quantity in terms of speciation, 
health and stability. Recent acceleration of housing and commercial 
development has put increased pressure on these supplies by both increa­
sing the demand and impacting the watersheds via construction. This has, 
in turn, brought increased pressure on water and land resource manage­
ment agencies to wisely protect these supplies. Effective and efficient 
management, however, requires a detailed understanding of complex hydro- 
biologic systems about which much remains to be known.
The management of water quality and especially nutrient concen­
trations in streams draining into oligotrophic Lake Tahoe is such a 
case. Over the past decade, development of the Tahoe Basin was intensi­
fied with increased urbanization paralleling the Basin's growing 
reputation as a resort area with abundant recreational opportunities. 
Previous investigations have shown eutrophication rates are accelerating 
via increased primary productivity, (Goldman and Armstrong, 1969) due 
to increased delivery of nutrients to Lake Tahoe, purportedly in response 
to urbanization, endangering the Lake's revered clarity. In an effort 
to prevent further degradation, the Tahoe Regional Planning Agency was 
federally created and mandated to develop and enforce "environmental 
threshold carrying capacities" including standards for water quality 
(PL 96-551). A primary goal of the agency is overall reduction of
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nitrate and phosphate in the groundwater and surface water in the 
basin's watersheds, because nitrate is the nutrient limiting primary 
productivity with phosphate of secondary importance in limiting algae 
growth (Goldman, 1974). Implementation of remedial measures to reduce 
nutrient concentrations, including land acquisition and restoration, 
is expected to cost $160 to $220 million (TRPA, 1982). Obviously, if 
the plans do not accurately reflect hydrologic nutrient transport 
processes occuring in forested watersheds, they will have limited 
success in alleviating the problem. However, the process of hydro- 
logic nutrient transport within and out of forested watersheds is 
poorly understood and quantitative, local data is limited.
Besides the necesssity of developing a scientific foundation for 
management decisions, there are two additional reasons for develop­
ment of a detailed process-oriented approach to the nutrient transport 
problem in the basin: 1) past research pointing to the existence of 
complex interrelations with hydrology, biology and land uses (Brown, 
1972; Leonard et al., 1979); 2) the complex nature of the hydrologic 
system on the watershed scale (Chorley, 1978). Runoff mechanisms in 
the Sierra Nevada interact heavily. The shallow riparian groundwater 
systems respond quickly to snowmelt and rain (Boone, 1983). The 
stream systems are strongly controlled by saturated and unsaturated 
flow with overland flow rare or absent (Lohrey, 1977), implying that 
interpretation of stream chemistry requires investigation of the 
subsurface system.
This study was initiated as a reconnaissance into the control 
exerted by in-basin hydrology on stream nitrate chemistry. An initial
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goal was to characterize the stream nitrate chemistry in an undisturbed 
watershed and calculate nitrate output from a headwater stream. Such 
data should represent baseline conditions. It also specifically sought 
to determine how the subsurface system related to the stream system 
hydrologically and chemically by delineation of the hydrologic pro­
cesses operating within the watershed. Another objective was do deter­
mine the primary mechanism(s) of nitrate concentration increases 
coincident with increased discharge in streams. Quantification of 
nitrate loading via wet deposition and nitrate retention/removal was 
also desired. The investigation was also aimed at assessing the 
seasonal and areal variability of vadose and groundwater nitrate 
chemistry.
To address these items, a small, undisturbed watershed was chosen 
as an experimental site. The study watershed was instrumented to allow 
integrated, areally-intensive hydrologic monitoring and areally- 
distributed water quality sampling of precipitation, groundwater, 
vadose water, and streamwater. Analysis of phosphate was performed 
and results are reported. However, discussion of these results is 
bejrond the scope of this investigation and only nitrate chemistry is 
discussed. As part of the reconnaissance nature of this investigation, 
the validity of the process- and path-dependent approach and the 
feasibility of the instrumentation network as an interpretive tool was
also tested.
PREVIOUS RESEARCH
Nitrogen interactions, while having been extensively studied in a 
wide variety of natural environments, remain difficult to quantita­
tively describe, largely due to the number and complexity of the 
interactions. Nitrogen interacts with a wide variety of biota, ranging 
from bacteria to vascular macrophytes. Brezonik (1972) writes, "Of the 
the major nutrient cycles in natural waters, the nitrogen cycle is 
perhaps the most interesting, the most complex and least understood 
from a quantitative point of view." While there are various forms of 
natural nitrogen, nitrate (N03) is the form most commonly encountered 
in natural waters and is the most common contaminant in groundwater 
(Freeze and Cherry, 1979). In aerobic environments, transformation of 
other nitrogen species to nitrate (nitrification) via oxidation is 
common (Brezonik, 1972). Being an anion, and having essentially no 
solubility constraints, nitrate is very mobile in groundwater under­
going little or no inorganic retention or transformation (Davis and 
DeWeist, 1967). However, chemical denitrification can occur under 
anaerobic conditions in reducing environments. Biological denitri­
fication occurs, as well, where there is organic matter, denitri­
fying bacterial populations and proper temperature and moisture 
conditions. Denitrification has been observed or detected in soil 
systems by Keeney et al, (1971), Gillham and Cherry (1978), and 
Hendry et al., (1983), among many others. An overview of nitrogen 
transformations and interactions is presented in Allen and Kramer 
(1972). A general schematic of nitrogen sources, pahtways and trans­
formations is illustrated in figures 1 and 2 (Freeze) and Cherry 0-979).
Figure 1. Sources and pathways of nitrogen in the 
subsurface environment.
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Because of nitrogen's importance as a forest nutrient, studies 
regarding nitrogen uptake and release processes in forested soils have 
been numerous (Gaarder and Hagem, 1982; Romell and Heiberg, 1931; 
Bollen and Wright, 1961). More recent studies have focused on nitrogen 
input-output budgets (Coats et al., 1976; Leonard et al., 1981; Reid 
et al., 1981), relationships between output and land use (Brown, 1972; 
Hewlett, 1979), delineation of sources (Peters and Newton, 1984), and 
reactions with lotic biota (Sebetich et al., 1984; Duff et al., in 
press). These lotic biota studies show that even in pristine systems 
with low background concentration of nitrate (5-23 ug/1) complex 
biologically-mediated reactions occur which cuase significant diurnal 
changes in nitrate concentrations. Most recently, more quantitative 
studies of nitrate input via precipitation and streamflow output with 
hydrology taken into account have been undertaken. However, these 
investigations focused on statistical analysis of precipitation and 
streamflow amounts and associated concentrations (Skartviet, 1981;
Reid et al., 1981; Duysings et al., 1983), rather than the collection 
of extensive in-basin hydrologic data. Common to all these studies of 
watershed nitrate flux is the conclusion that in-basin hydrology 
exerts a strong control on nitrate chemistry.
Little conjunctive monitoring of watershed responses regarding 
saturated/unsaturated subsurface water delivery process and pathway 
and resultant surface water chemistry has occurred. However, much of 
the past stream chemistry and hillslope scale hydrologic research 
underscores the necessity of making this link. Field studies and 
computer modelling efforts have shown runoff generation within a
watershed (and to a lesser extent within a hillslope) to involve paths 
and processes dependent on watershed conditions (geology, topography, 
soils, vegetation and land use) and duration and magnitude of hydro- 
logic inputs. Between both seasons and areas, these runoff generating 
mechanisms can exhibit great in-watershed variability (Chorley, 1978; 
Freeze 1980). Dunne (1978) presents an excellent review of research 
into these mechanisms.
It is clear much work remains in coupling runoff regimes with 
stream chemistry. The various runoff processes and pathways have 
associated velocities, pathlengths, discharges and residence times 
which act as important controls on the chemistry of all natural waters 
on both the biological and geochemical levels. Of particular importance 
has been the development of the variable source area concept (Hewlett 
and Hibbert, 1967) which views overland flow as restricted in time n d  
space within a watershed. In this conceptual model, the channel net­
work is seen as dynamic, expanding in response to precipitation and 
snowmelt events, and contracting in response to drought, with over­
land flow largely resulting from return flow and inputs onto satura­
ted areas rather than exceedance of infiltration rates. This is a 
close description of field occurrence in the Sierra Nevada where 
Hortonian (or infiltration excess overland) flow seldom occurs 
(Boone, 1983; Lohrey, 1977). These watersheds exhibit characteristics 
as described by Whipkey (1965) where subsurface flow is ^commonly 
encountered and both saturated and unsaturated subsurface flow is 
the prevailing pathway by> which precipitation reaches the stream 
channels. Harr (1976) and Hewlett and Hibbert (1963) have documented
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Additionally, past research in Sierra Nevada watershed nutrient 
transport suggests the necessity of investigating the temporally and 
spatially varying hydrology within watersheds to interpret the aggregate 
chemical response in their surface waters. Similar to results from 
research in other ecosystems (Johnson et al., 1969; Hewlett, 1979;
Peters and Newton, 1984), nitrates in Sierra Nevada streams exhibit 
concentration increases with increasing discharge coincident with 
spring snowmelt and rain events (Brown et al., 1973; Coats et al.,
1978; Leonard et al., 1979). Researchers have asserted various, often 
conflicting, theories for this phenomenon. Working in the Tahoe Basin 
in Ward Creek, California, Coats et al., (1976) found soil water and 
stream nitrate concentrations lower than incident precipitation with 
the exception of soil water samples taken near nitrogen fixing vege­
tation and in disturbed areas with bare soils. They concluded the 
soil biota-vegetative complex plays an active role in nutrient 
stripping -and increased nitrate concentrations during high discharge 
events are due to decreased residence times of water in the system. 
Additionally, Coats et al. (1976) concluded the nitrate removal/ 
retention processes were "short-circuited" when impermeable or satu­
rated areas prevented water from coming into contact with the soil- 
biological complex. Skau and Brown (in process) found areas in the 
Sierra Nevada with soil water nutrient concentrations as high as 
180 mg/1 for nitrate-nitrogen and 7 mg/1 for dissolved orthophosphate. 
Samples of snow accumulations had nitrate concentrations similar to
the importance of unsaturated flow to the maintenance of stream base-
flows in forested watersheds in other areas.
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those found in streams (Brown and Skau, 1975). They postulated the 
spring nitrate increase was due to these areas acting as point sources 
where nitrate was "flushed" from the soil into the stream during snow­
melt and rain events by increased groundwater discharge and channel 
extension. In later work on Ward Creek, Leonard et al. (1979) hypo­
thesized processes dominating stream nitrate delivery were seasonally 
dependent and both "flushing" of high in-soil sources and "short 
circuiting" of removal mechanisms occurred dependent on hydrology, 
biology and the antecedent stream flow and nitrate flux.
Still another process which may contribute to or cause nitrate 
concentration increases, is the snowmelt fractionation of contaminants 
which causes initial meltwaters from snowpacks to be enriched up to 
2.5 times the ambient chemistry of the pack (Gorham, 1958; Johannessen 
and Henriksen, 1978) , Siegel (1981), doing a sulfate budget of runoff 
sources during spring snowmelt in Minnesota, concluded only snowmelt 
fractionation could account for the higher concentrations of sulfate 
in surface water relative to all other sources.
Snowmelt is a complicated process, being a combination of energy 
relations and unsaturated flow through porous media with time variant 
physical properties. Snow depth, texture, structure and porosity are 
subject to the most drastic changes with time. This is then super­
imposed upon the aforementioned complex watershed hydrology. However, 
the science advanced considerably during the 1970's in both theore­
tical development development and interpretation of field observations. 
Theoretical development of snowmelt and meltwater movement can be 
found in the pioneering works of Colbeck (1971; 1973a; 1973b; 1975a;
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1975b; 1976a; 1976b; 1976c). An overview of snowmelt physics is 
presented by Male and Gray (1981). Recent works interpreting observed 
snowmelt phenomena include: Dunne and Black, 1971: Dunne et al., 1976; 
Wankiewicz, 1978; Jordan, 1983a; Jordan, 1983b; and Price and Hendrie, 
1983.
Past investigations of midwinter snowmelt on the East slope of the 
Sierra Nevada have arrived at conflicting conclusions. Taylor (1969), 
taking soil temperatures beneath snow, concluded the temperatures were 
generally high enough to cause some melt at the ground/snowpack inter­
face. Szecsody (1982) monitoring subsurface water chemistry in mid­
winter concluded recharge and infiltration betneath the snowpack was 
possible. Boone (1983) with combined data on unsaturated water ten­
sions, stream recharge estimates and soil temperatures concluded there 
was no midwinter melt and subsequent recharge.
Other previous works are also cogent to this investigation.
Hillel (1971) and Freeze and Cherry (1979) provide detail in soil 
water movement and its governing equations. A detailed overview of 
hillslope processes is presented in Kirkby (ed), (1978). Sample 
collection methods and other considerations for calculating chemical 
input via precipitation are outlined and discussed in Lewis and Grant, 
(1978). Discussions of instrumentation and methods for precipitation 
measurement can be found in Brakensiek et al., (1976) and Goodison et 
al., (1981). Cole and Johnson (1977), Johnson et al., (1981). Foster ■ 
and Nicolson (1983) present different experimental approaches to 
investigations of path- and process- dependent chemistry in forested
watersheds.
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GENERAL DESCRIPTION OF THE STUDY AREA
In choosing a study area the following criteria were used: 1) a 
small but complete watershed including headwaters, riparian zones and 
perennial streamflow; 2) integrity of drainage with no apparent natural 
inter-basin water transfer and no anthropogenic diversions; 3) practical 
year round access; 4) lack of disturbance, i.e., no past grazing, recent 
logging, roads, buildings, ski areas, or recent burned areas.
The study watershed is a sub-basin of the Clear Creek watershed in 
the Tolyabe National Forest in the Carson Range of the Sierra Nevada, 
in northwestern Nevada, USA (figure 3). The study watershed has an 
area of 196.6 ac (79.6). The divide overlooks Lake Tahoe, approximately 
2 miles to the west.
The watershed has a base elevation of 6800 feet and a terminal 
elevation or about 8200 feet. Slopes vary from 10 to 40 per cent, and 
have predominantly northern aspects in this east-west trending watershed. 
The lower, meadow portions exhibit hummocky geomorphology typical of 
saturation-induced slumping with associated colluvial deposits. Upper 
areas include small flats, erosional remnants of glacial morphology, 
indicating the paucity of overland water flow in these areas.
The area receives about 30 inches of mean annual precipitation with 
about 80% as snow. It is commonly under snowcover from late October 
through May. However, climate in the region is highly variable, with 
periodic drought and abundance. The water year 1982-'83 was abnormally 
wet. The snowpack posted all time records for the region in water 
equivalent, snow depth, average density, and persistence in time
13
Figure 3. Location of the study area.
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(USDA-SCS, 1983).
Maximum temperatures during the summer, range from 70° to 100° 
with the minimum temperatures ranging from 15° to 37° F. Winter 
maximum temperatures range from 40° to 60° F, with minimums ranging 
from 030° to 10° F.
The study watershed is drained by a small perennial headwater 
stream fed by springs and smaller intermittent and ephemeral segments. 
The channel and spring network is presented in figure A2.1 in 
Appendix 2. This network expands and contracts rapidly in response to 
absence or occurrence of snowmelt or precipitation. Snowmelt is the 
major source of runoff. No infiltration excess (or Hortonian) overland 
flow was observed in the study area. (The author walked the entire 
length of the watershed during a 0.5 in/hr rainstorm of 2 hour duration 
on September 26, 1982 without observing any ponding of rainfall.) 
Surface water is comprised of return flow and direct inputs (snowmelt, 
rain) onto saturated areas. The groundwater system is highly responsive 
to snowmelt and rainfall, as well as their absence. There are numerous 
seep zones, both perennial and ephemeral. Return flow via natural pipes 
is abundant during snowmelt. The general area exhibits evidence of 
fracture flow through bedrock, visible in seep zones on road cuts.
Soils are predominantly Cagwin series Entisols with some Alfisols, 
very permeable, excessively drained, strongly acid with very little 
associated organic materials except in the riparian and spring zones. 
Texturally, the soils are classified as grading between gravelly sand 
and gravelly sandy loam (Boone, 1983). Bulk density is approximately 
1.4 gm/cm and total porosity about 45 percent (Boone, 1983) The meadow
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soils are much finer. In the lower meadow, the soils are similar to 
gleys, containing large fractions of organic materials and clays, 
with indications of anaerobic, reducing zones (Greenlee, in process).
The soils are 0-12 feet deep with the deepest soils found on ridge 
axes and the upper elevation, erosional remnant flats. The deep soils 
lack any layering and are in-place decomposition products of the 
granodiorite. The soils have a surface layer of brown, loamy, medium 
sand approximately 4 inches thick. The soil grades with depth into 
increasingly coarse, sterile, bright white, unweathered and indurated 
decomposing granodiorite (grus).
Soil color with depth varies as a function of seasonal occurrence 
of unsaturated conditions. Where these conditions exist sporadically, 
the soils are mottled orange and brown from oxidation of ferric 
minerals; where persistent, they are dark grey with amorphous slumi- 
nosilicate gels; where absent, they are very bright white (the color 
of the bedrock) and unweathered.
Isolated clay lenses exist which may exert influence on the 
hydrology (Boone, 1983). These clay lenses are very restricted in 
occurence, and are found only in association with the slumps and 
springs in the site. Common to the Carson. Range, the area bedrock is 
composed of highly jointed, Cretaceous-age granodiorite (Moore and 
Archbold, 1969).
Vegetation is varied, dependent on moisture regime, elevation, 
topography, slope and aspect (see fig. 4). The watershed outlet is 
dominated by gently sloping meadows flanking a riparia zone com­





[ \WeI meadows with dense grass and lo rb  cov er
Intermediate canopy cov er  of J.  pine and fir, dense un derstory ( t o b a c c o  brush,m anzanlta  1 
Denso Jeff rey pine end whi le  fir Inlermed lele  un derelory  
Dense riparian zone dominated by large wil low and alder 
Riparian zpne with horsetai l,  ferns, small alders and willows
Sparse canopy cov er  of J.  pine and red fir sp arse  un derstory 
Dry mead ow s,  sparse  grass and forb c over
" Elevation c onto urs  and w a te rsh e d  boun daries 
“ “  Vegetation zone boundar ies
Figure 4. General vegetation map of the study area.
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( Abies magnifies & concolor ). These virgin stands are extremely rare 
in the Tahoe region because it was heavily logged in the 1860's and 
1880's for mine and housing lumber (Skau, personal communication;
Budy, personal communication). These stands may be the only existing 
representative of virgin forest in the region. Interspersed within 
the virgin stands are zones of sparse to dense underbrush, primarily 
tobacco brush ( Ceanothus velutinus ), squaw carpet and manzanita 
( Arctostaphylos sp ). North-facing slopes are dominated by a heavy 
canopy cover of white fir with little understory.
The high altitude area near the western divide contains large 
red fir and occasional Jeffrey pine comprising a sparse canopy with 
very little understory and plentiful bare soil and rock outcrops.
A dry meadow with sparse grass cover is located in this upper elevation 
flat. This high altitude area also contains a few stumps indicating 
isolated logging. "Cat faces" or burn scars at the tree bases in this 
section also indicate an old burn. However, these scars are limited 
to tree bases, indicating burning of the understory rather than trees.
The riparian and spring zones are dominated by mountain alder, 
willow, horsetail ( Equisetum arvense ), and ferns ( Athyrium 
felix-femina ). Highly anomolous to the region, is the complete 
absence of aspen ( Poplus tremuloldes ). in the watershed. This may
( Sallx sp )• The central part of the watershed contains virgin stands
of very large Jeffrey pine ( Pinus jeffreyi ) and red and white fir,
be due to its undisturbed character.
18
INSTRUMENTATION AND METHODS
Instrumentation in the study watershed includes: 1) 46 
piezometers for monitoring of the saturated subsurface system, 2) 40 
pressure-vacuum soil-water samplers for sampling of saturated/unsatu- 
rated water for chemical analysis; 3) a recording precipitation age 
with accessory snow courses for determination of incoming precipi­
tation amounts; and 4) a recording stremflow gage to measure discharge 
from the watershed.
The soil water samplers consist of an airtight PVC tube attached 
to a porous ceramic cup through which water can be drawn via a 
vacuum-induced tension. Details of construction can be found in 
Parizek and Lane (1970) and Linden (1977). The samplers are capable 
of extracting soil water at tensions up to 1 bar. They were also used 
to extract meltwater within the snowpack. The samplers were prepared 
for installation and installed according to the methods outlined by 
Linden (1977).
Following analyses of color aerial photos and first hand obser­
vation of the site, the samplers were emplaced in a wide variety of 
locations in an attempt to reflect the heterogeneity of the watershed 
in terms of vegetation, soils, slope, aspect, elevation and topography 
of the areas draining into these sites. Many of the samplers were 
placed in topographic points concentrating subsurface flow i.e., 
hillslope toes and dry draw bottoms near soil/bedrock contact zones. 
Samplers were placed at different depths due to large seasonal water 
table fluctuations. Many were sited in transects along presupposed 
subsurface flowlines to assess chemical changes with water pathlength.
LEGEND
Figure 5 Map of the study area showing the location of monitoring sites.
Approximate locations of the samplers and other instrumentation are 
presented in figure 5.
The samplers were installed using a standard 3.25 inch soil auger. 
Soil from the borings was replaced and the top duff layer replaced to 
mimic the undisturbed system. The discharge and evacuation hoses were 
mounted on 10 foot, 1 inch ID .PVC set ~0.5 feet into the ground 
slightly downslope from the samplers in order to locate the samplers 
during winter.
The sampling network was established August 10, 1982 and sampling 
initiated on a monthly basis, when possible. Problems with hose 
breakage and freezing of capillary water in the hoses prevented sam­
pling of the suction cells from November, 1982 through February,
1983. Water samples were collected from samplers within 1 to 2 days 
after a vacuum had been applied to the samplers. Pre- and post­
sampling sampler tensions and water yields were recorded and used as 
rough indicators of moisture regime sampled i.e., vadose or saturated 
zone.
The piezometers were constructed of 2 inch ID PVC pipe open only 
at the basal cross-section for point determination of hydraulic head 
with depth. The bottom openings were screened with common fiberglass 
household screening to prevent the ingress of sediment. The tops were 
covered by PVC caps to prevent water ingress from snow and rain. The 
caps had holes drilled in the sides to allow the water levels to 
fluctuate freely.
The piezometers were insalled in 31 sites with terminus depths 
ranging from 2 to 10 feet. Fourteen of the stations contained nested
piezometers terminating at different depths for vertical hydraulic 
gradient determination. Eleven of the suction cell samplers were 
positioned next to single piezometers with 13 next to nests. This 
allowed identification of samples as being from the vadose or sat­
urated system. Only 14 samplers were not associated with piezometers. 
These were located in areas- where complete profile saturation was 
expected to persist seasonally (seep zones) or not saturation was 
expected to exist even sporadically (ridge axes). Ten piezometers in 
9 stations were installed where delineation of saturated of saturated 
conditions and/or discharge/recharge zones was desired.
The piezometers were installed in the same manner as the samplers. 
They were terminated at depths just below the porous cup where 
associated with the samplers, and always down-gradient but within 
2 feet of the samplers. In nests, the piezometers were placed in 
separate holes within one foot areally and two feet in depthy. A 
schematic of a sampling station instrument battery is illustrated in 
figure 6. Measuring points (height of pipe above land surface) and 
terminus depths were carefully measured at each installation. Two to 
five feet of pipe were added as extensions to the measuring points 
after snow had accumulated in depths greater than the original 
measuring points. Locations of the piezometers presented in figure 5.
The water levels were measured in a non-recording, periodic 
manner with an incrementally graduated, latex "bubbler". The water 
level measurements are accurate to ± 0.05 feet. The method was used 
because of its lightness (less than 2 oz.) and simplicity. Piezo­












Figure 6. General schematic of sampling/monitoring battery
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and topographic water level fluctuation and ease of instrument access. 
All but the uppermost sites were measured at least once a month. During 
storms and melt events, selected sites had water levels measured every 
4 hours on a diurnal basis. Through the snowmelt season, the piezo­
meters were monitored approximately 4 times weekly.
I
Aside from monitoring the groundwater System, the piezometers were 
used for greater areal sampling density and hydraulic conductivity 
tests. When used for chemical sampling of groundwater, three volumes 
of water were evacuated prior to taking a sample. The saturated hy­
draulic conductivity determinations were conducted as bail tests and 
the piezometer recovery data analyzed via the time lag method of 
Hvorslev (1951) also detailed in Freeze and Cherry (1979). Other 
potential uses for this piezometer network are outlined in Rhodes et 
al,, (in press). The piezometer network was established October 23,
1982 and measurement began two days later.
Incoming precipitation was continuously measured by dual-traverse 
Universal weighing-type gage with a 6 inch capacity, installed 
October 10, 1982. The gage was located in the center of the meadow 
north of the stream near the watershed outlet (see figure 5). The gage 
was equipped with an alter-type shield to minimize wind at the orifice 
and anchored atop a pine post extending about 6 feet above land sur­
face to prevent snow burial. The orifice was put at a horizontal level 
in the field. The gage was laboratory and field calibrated according 
to Brakensiek et al., (1979). Calibration results were used to cal­
culated precipitation quantities with errors distributed linearly over 
one inch increments in precipitation. The recording clock was checked
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against watches periodically to minimize timing errors to five minutes 
per month. Three accessory snow boards and a "Mount Rose" snow sampler 
were used to periodically measure incoming snow for comparison with 
the recording gage measurements. Three snow courses with six stations 
each were laid out in close proximity to the snowboards to monitor 
snowpack accumulation and removal. A description of these instruments 
and associated methods can be found in Brakensiek et al., (1979). The 
lower course was sampled weekly during the snowmelt season. The upper 
courses were sampled only sporadically due to access problems engen­
dered from the year's plentitude of foul weather. Precipitation input 
estimates are based on data from the recording gage. Comparison with 
the two nearby gages at roughly the same elevation gave differing 
timing for storms, but differences between storm totals was always 
within 0.03 inches.
Streamwater outflow from the study site was continuously measured 
via a 1.5 foot H-flume, with a field calibrated, continuous stage 
recorder. It has a measurable discharge range of 0.0011 to 5.33 cfs. 
The flume was installed at the watershed outlet as the final phase of 
the instrumentation. It became operable January 7, 1983. Flume design 
was chosen on the basis of ease of construction and installation and 
accuracy over the discharge range anticipated. Details of construction 
can be found in Brakensiek et al., (1979). To minimize leakage around 
the flume, cut-off walls of varnished plywood were placed one foot 
into the ground as part of the flume, extending at flume height out­
ward two feet, normal to the streamflow approach. The approach box was 
ceilinged to prevent snow inundation and caving. The timing mechanism
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and stage readings were calibrated biweekly and noted on the recorder 
chart. Discharge was calculated from digitally reduced stage data via 
a laboratory prepared rating curve for a flume of the same dimensions 
and construction. Head measurements were estimated to be accurate to 
± 0.01 foot due to field error from turbulence, slippage, and sedi­
mentation and office error in digitizing. This corresponded to an 
error of ± 0.001 cfs at the lower limit of measurable discharge and 
± 0.09 cfs at the upper limit.
A lower elevation site approximately 1000 feet west of the study 
waterwhed had been previously instrumented as part of separate study 
investigating snowmelt/subsurface flow interactions. Instrumentation 
on this lower site, included tensiometer arrays for continuous 
measurement of soil moisture tensions, piezometer nests, soil psycho­
meters for soil temperature measurement, and two flumes in succession 
on the Clear Creek mainstem to detect subsurface flow contributions 
by discharge difference. Details on the instrumentation and methods 
used on this lower elevation site can be found in Boone, 1983. Six of 
the pressure-vacuum samplers were installed in the lower site, hence­
forth referred to as the "recharge plot". Hydrologic data from the 
recharge plot were incorporated into this investigation.
For time periods when discharge data were missing, discharge was 
synthesized via a linear regression equation run on data from the 
flumes on the Clear Creek mainstem in the lower experimental study 
site and the flume on the upper site. The regression used only 
discharge peaks and troughs from the two records. Timing for this 
synthesized data was determined from an average lag time between the
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two sites. The equation developed was based on data from three months: 
April, May and June. These months were chosen because data were readily 
available and included melt events, storm events and groundwater base- 
flow recession. Streamflow estimates for the months of September 
through December were thus generated.
The hydrologic data collection was augmented by a number of note­
taking observers spending numerous days in the study area. Snowpack 
conditions, snowcover, and general weather were all recorded periodi­
cally.
Stream sampling was initiated August, 1982. Sampling stations 
were located at: 1) stream sections flowing below nitrogen-fixing 
vegetation zones (mainly alder) and perennial springs; 2) ephemeral 
stream segments; 3) unchannelized flow in the meadows and; 4) the 
watershed mouth below the flume. Temporal sampling density was 
dependent on stream discharge variability. During the winter and 
summer low flow periods, the mouth was sampled bimonthly and the 
spring and riparian zone sites monthly in conjunction with soil water 
sampling. The unchannelized'flow and ephemeral segments were not 
active during this period. During rain events, the mouth was sampled 
at least once, often diurnally at two to four hour intervals. During 
spring snowmelt, the stream mouth was sampled approximately four 
times a week and other stations biweekly. In this period, diurnal 
grab sampling at the mouth was conducted four times with samples 
taken at two to six hour intervals. At all surface water sampling 
points, electrical conductivity (eC), pH and temperature were usually 
taken with a portable hand-held digital multimeter calibrated in the
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field with eC and pH standard solutions. A map of surface runoff sam­
pling stations is presented in figure A2.1, in Appendix 2.
Rain was sampled from a plastic collector rinsed with distilled, 
de-ionized water before and after each collection. Depth-integrated 
grab samples were taken over the entire profiles of fresh snow adja­
cent to the snowboards which ensured that only fresh snow was sampled. 
Periodic, duplicate samples were taken to determine laboratory 
accuracy. Samples from the same storm, but at different locations in 
the watershed were taken twice to assess area variability of precipi­
tation chemistry. Generally, samples were taken after storm cessation, 
usually within 24 hours.
All soil water, groundwater, stream and precipitation samples 
were collected in 250 ml polyethylene bottles which had been pre­
rinsed with distilled, de-ionized water, then rinsed three times with 
the sampled water prior to collection. The water samples were im­
mediately frozen or taken to the USEPA-certified Desert Research 
Water Lab for analysis. Samples collected were initially analyzed for 
N03 by the cadmium-reduction method (USEPA, 1979) and orthophosphate 
by the single solution molydate blue method (USEPA, 1979). Since the 
majority of samples had concentrations of nitrate below detection 
limits, the method of analysis for both anions in subsequent samples 
was changed to ion chromotography (Fishman and Pyen, 1979) when it 
became available in late March, 1983. Many key samples which had 
been stored frozen were re-analyzed. Limits of detection for ion 
chromatography are 1 ug/1 for nitrate and 4 ug/1 for orthophosphate 
with an accuracy of ± 1 ug/1 for both constituents. This method
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gives good agreement with liquid chemistry methods and yields analysis 
of chloride and sulfate simultaneously from the chromatogram (Fishman 
and Pyen, 1979).
Precipitation input amounts were calculated by weighting the 
water equivalent sampled with the concentration of the sample and 
converting the incoming load to kg/ha units. The cumulative load over 
the nine months was then multiplied by the watershed area to calculate 
total load of nitrate to the watershed. Watershed area was determined 
from a map and dot grid. Nitrate output from the watershed was calcu­
lated by multiplying adjacent discharge values by sample concentration 
and converting to mg/s. The resulting nitrograph was then integrated 
via the trapezoidal rule and monthly cumulative outputs totalled and 
converted to kilograms. During low flows, the samples were considered 
to represent averages for the period. During snowmelt, flow-averaged 
mean concentrations from the diurnal sampling runs were used to 
weight streamflow on adjacent days. During the diurnal runs, output 
was calculated assuming linear variation between samples and inter­




The following framework is an original synthesis of the author's, 
based on the results of this investigation. It is also an' attempt to 
create a unified, interpretive framework of watershed snowmelt runoff 
by weaving diverse observations from previous investigations of snow 
and watershed hydrology into an integrated whole. As such, the frame­
work is part of the conclusions of this investigation. However, prior 
to presenting and discussing the results from this study, it is 
worthwhile to develop this conceptual framework as a context in which 
to interpret the complex, interactive snowmelt and subsurface 
controlled hydrology of the watershed.
Each of the hydrologic regimes in the system (snowmelt, snowpack 
vadose transmission, soil vadose storage and transmission, ground- 
water storage and transmission, and streamflow generation) are usually 
discussed discretely, or as being linked linearly as part of the 
drainage cycle. In the classical, "downward" model, snowmelt is 
produced, flows through the snowpack, into and through the vadose zone 
to the saturated system and into the stream. However, the hydrologic 
regimes are greatly interconnected not only in a linear downward 
fashion, but by means of "looped" effects, which are often positive 
feedback loops. While these effects tend to advance the processes 
creating them, some have a strong tendency toward process maintenance 
and equilibrium rather than acceleration. Hence, the author proposes 
terming some of the mechanisms "self-feeding maintenance loops".
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It is within the snowpack that the positive feedback mechanisms 
begin.Within the snowpack as melt is produced the following occurs 
which tends to increase snowmelt: 1) moisture content increases, 
decreasing surface albedo (Table 1 from Male and Gray (1981)) which 
increases heat radiation absorbed, producing additional melt; 2) the 
increased moisture content also increases the heat capacity and thermal 
conductivity at the surface (Table 2 from Berry (1981)), increasing 
heat transfer to the ice crystals, increasing melt and moisture content; 
3) as meltwater accumulates, it mobilizes, moving down through the 
pack, aiding heat transfer and causing the pack to become more iso­
thermal even (and especially) if it refreezes; 4) pack depth decreases, 
increasing the tendency of the ground heat flux and surface radiation 
flux to make the pack isothermal; 5) when the ground surface becomes 
exposed, melt proceeds still faster due to the heating of the exposed 
soil and transfer from it to the pack.
Simultaneously, a number of factors increase the melt wave veloc­
ities: 1) snow crystal metamorphism tends to cause the grains to assume 
rounded shapes increasing the porosity and permeability of the pack;
2) increasing moisture content increases the unsaturated hydraulic 
conductivity of the snowpack, possibly exponentially, dependent on 
antecedent moisture conditions and snow texures; 3) snowpack depth 
decreases which decreases available vadose snowpack storage: 4) while 
decreasing pack depth does not necessarily speed melt wave velocities 
(Jordan, 1983a), it does speed transmission of the waves from snow
Adding to the dynamic, interactive nature of the system, the loops
also operate within, as well as between, each of the regimes.
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Table 1. Albedo for snow (from Male and Gray, 1981).
Condition of Snow Surface Sun angle Albedo
degrees percent
Compact, dry, clean 30.3 86
29.7 88
25.1 95
Clean, wet, fine grain 33.3 64
34.5 63
35.3 63
Wet, clean, granular 33.7 61
32.0 62
Porous, very wet, greyish color 35.3 47
36.3 46
37.3 45
Very porous, grey, full of water, sea Ice visible 32.8 43
31.7 43
Very porous, dirty, saturated with water, 37.3 29
sea Ice visible




















Sand 0 .0 0.29 1.3 1.5
0.2 1.8 2.1 2.9













Peat 0.0 0.059 0.50 1.1
0.4 0.29 2.2 1.2
0.8 0.50 3.9 1.2
Snow -c 0.063 0.11 2.5
- 0.13 0.38 1.9
- 0.71 1.1 2.6
a: 8w Is the volume of water per unit volume of soil, 
b: D Is the damping depth for the annual variation.




surface to the soil by decreasing pathlength; 5) increasing moisture 
content and transmission tend to break up ice Tenses (Gerdel, 1954) 
and aid in the development of the macropores (Gerdel, 1954); Kattleman, 
unpublished) via convective heat transfer; 6) increased moisture con­
tent decreases available vadose snowpack storage.
If the soil is unfrozen, meltwater not in excess of infiltration 
rates moves into the soil vadose zone. As water inputs increase, 
resultant effects increase transmission speed and efficiency of water 
delivery through the vadose zone to the saturated system. Moisture 
content increases, increasing the soil unsaturated hydraulic conduc­
tivity. Increased moisture content decreases available vadose soil 
storage, decreasing the subtraction of migrating water into storage.
If the water table rises due to increased vadose transmission, the 
thickness of the soil vadose zone decreases, decreasing available 
soil vadose storage and pathlength. Under such conditions, the two 
vadose components, the snowpack and the soil system, are simultane­
ously decreasing in thickness from two opposite directions, simul­
taneously decreasing both vadose storage and pathlength in both 
components.
In the groundwater system during snowmelt-, the depth to 
saturation decreases, decreasing vadose storage, as mentioned, 
placing it in greater communication with the meltwater inputs. 
Hydraulic conductivity values increase to a maximum at saturation.
The groundwater system tends to spread areally as well as with depth, 
putting it in greater areal communication with the snowpack and soil 
vadoze zones.
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Groundwater discharge to the stream is increased via both the 
increased velocities from greater hydraulic heads and greater saturated 
cross-sectional area.
The above represent the downward links in the drainage cycle. The 
"upward" links in this cycle, start at the snow/soil interface. Within 
the vadose soil system, increased moisture content can increase the 
ground heat flux by increasing both heat capcity and heat conductivity 
(Table 2 from Berry, 1981). Such an effect illustrates the possibility 
of maintenance mechanisms for existing conditions. Thus, the effect 
would be a self-feeding maintenance mechanism. Additionally, if the 
snowpack above has a lower specific humidity, soil moisture can migrate 
in response to vapor gradients, mov# into the snowpack, condense, 
refreeze and release latent heat (80 cal/gm).
The thinner the vadose zone(s), the greater the percentage of that 
thickness is kept at higher moisture contents by the groundwater. The 
extreme of this condition is when the capillary fringe extends to the 
surface. Under such conditions, the groundwater system is rapidJLy 
responsive to input as noted by Gillham (1983). Under snowcover, the 
groundwater system acts as a heat reservoir. Thus, the greater its 
size, the greater the total heat capacity of the system. A water 
table closer to the soil surface, therefore has a greater influence on 
the vadose zone)s) with respect to both moisture content and heat flux 
than does a deeper one, in addition to being more responsive to melt­
water inputs. The effect of groundwater close to the soil surface 
under the snowpack would be a self-feeding maintenance mechanism, 
tending toward equilibrium. Where the groundwater reaches its terminal
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response, surface saturation, even more melt will occur at the 
soil/snowpack interface.
The stream system typically maintains groundwater levels in the 
same manner groundwater maintains vadose soil moisture. As groundwater 
levels drop, streams flow into the groundwater in response to gradients 
and equilibrate. Additionally, stream systems tend to maintain them­
selves by melting the snowpack above them. In temperate, snowcovered 
areas, streams rarely freeze, and are the first areas of the watershed 
to melt off. While flowing they continuously melt the pack above, from 
which the meltwater moves directly into the stream without lag or 
withdrawal to sursurface storage. Preferential melt above the channels 
and at the margins where the groundwater tends to be shallowest, tends 
to generate streamflow most efficiently and quickly. As streamflow 
increases in a watershed, channel length increases with expansion of 
flowing segments to include ephemeral reaches, and outward expansion 
of headwaters. Channel width also increases. This not only decreases 
the pathlength of subsurface water, but may also induce more melt on 
the overlying snowpack. With continuance of snowmelt, greater areas 
of surface saturation exist and there is greater efficiency of water 
delivery via direct inputs on saturated areas.
When solar radiation is curtailed by either nightfall or snowfall 
the feedback mechanisms reverse themselves. Subsequent snowmelt is 
impeded by the following: 1) moisture content of the snowpack 
decreases via drainage of storage without inputs and refreezing of 
water in the pack; 2) surface albedo increases, especially in the 
case of fresh snow; 3) in the case of snowfall, pack depth increases,
damping the movement of the snowpack towards isothermalism from ground 
heat and surface radiation flux and increasing the mass of ice to be 
heated; 4) the heat capacity and thermal conductivity decrease due to 
the lowered moisture content.
Subsequent meltwater movement through the snowpack is impeded by 
the following: 1) decreasing moisture content decreases the unsatu­
rated hydraulic conductivity of the snowpack; 2) refreezing meltwater 
often forms impeding lenses (Gerdel, 1954), which can damp meltwater 
velocities by increasing meltwater pathlength and decreasing the 
intrinsic permeability of the pack; 3) in the case of fresh snow, 
vadose snowpack storage is increased; 4) decreasing moisture content 
increases available snowpack vadose storage; 5) within the addition 
of fresh snow, pack depth is increased, increasing meltwater pathlength 
to the soil.
With less moisture input into the soil vadose zone, moisture 
content drops via drainage in excess of input, increasing available 
soil vadose storage and decreasing unsaturated hydraulic conductivity. 
Subsequently, the water table may drop, increasing vadose pathlength 
and storage. As the vadose zone dries, it transfers less heat to the 
snowpack above, further decreasing meltwater input magnitudes.
Subsequent movement of water to the groundwater system is depleted 
by the above mechanisms. With continuation of this trend, the saturated 
zone constricts areally and vertically. Hence, it is in less communi­
cation with the overlying vadose zones and with increasing distance 
from from the surface, it exerts less influence on those zones with 
respect to both moisture content and heat flux. By constricting, the
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heat capacity of the groundwater heat reservoir is diminished.
Stream generation from groundwater is decreased from decreased 
hydraulic gradients and decreased saturated cross-sectional area. As 
this occurs, the stream system constricts areally lessening its areal 
communication with the groundwater and the amount of melt it produces 
beneath the snowcover.
A conceptual diagram illustrating the links between these regimes 
and their attendant effects is shown in figures 1 and 8. Examining the 
tendencies of the mechanisms thus presented, it is possible to draw 
general conclusions. The system does indeed contain many positive 
feedback mechanisms which are mediated by diurnal and atmospheric 
perturbations. The existence of a physical situation or occurrence of 
a physical process (i.e., an initially high water table or the occur­
rence of snowmelt), has intrinsic mechanisms which tend to maintain 
or advance that situation or process until other perturbations change 
the boundary conditions i.e., complete depletion of the snowpack.
This concept is somewhat akin to that of homeostasis in biology but 
it is remarkable that it appears to apply to an inorganic system like 
the runoff regimes in a temperate, snocovered watershed. However, 
such a conceptual view is not only warranted by the previous discus­
sion; it is suggested and supported by the hydrologic results of 
this study.
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Bgp = moisture content
K(8) = unsaturated hydraulic conductivity
Ky = Thermal conductivity
Figure 7. Conceptual diagram of
the melt
Hc = Heat capacity 
sp = snoupack system 
soil = soil system
snowmelt runoff mechanisms - 
cycle.
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esp = moisture content
K(0) = unsaturated hydraulic conductivity
Hc = Heat capacity
sp = snoupack system
Kj = Thermal conductivity soil = soil system
Figure 8. Conceptual diagram of snowmelt runoff mechanisms - 
the freezing (nightfall/snowfall) cycle.
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Hydrology
Hydrologic mechanisms operating in the watershed are greatly 
interrelated, making discrete discussion of the hydrologic regimes 
difficult. Meteorology, hydrology, nitrate chemistry and monitoring 
intensity varied dependent on seasonal characteristics. Therefore, 
these results will be discussed chronologically rather than by 
discrete section. This will serve as a backdrop for interpretation of 
the nitrate chemistry transformations along the path from precipi­
tation to vadose water, groundwater, and to the stream.
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1. Autumn: September-November, 1982
The streamflow discharge record from the watershed is very poor 
during this period. Data were synthesized from records at the recharge 
plot as presented in the methods section. The regression run on the 
two records used 71 pairs of discharge troughs and peaks (figure 9) 
in order to develop a crude equation for the estimation of discharge. 
Simple regression yielded the following equation:
Y=0.136 + 0.0383 X [1]
Where: Y = daily maximum or minimum discharge at the 
watershed mouth
X = maximum or minimum discharge at the upper 
flume on the Clear Creek mainstem
2This equation has an R value of 65.5% which is statistically
significant at the 95% confidence interval. However, the regression
run on times for peaks and troughs between the two flumes was insig-
2nificant, yielding an R value of 11.2%. For this reason, an average 
of the lag time between the two flumes' diurnal extremes was used to 
generate the timing of the predicted values. The points thus 
generated were connected to yield the streamflow hydrograph for 
September through November, 1982 shown in figure 10. The mean lag 
time between the two flumes was 0.336 day (”8 hr.) with a standard 
deviation of 0.370 day. The high standard deviation and low R value 
for the timing prediction indicates this aspect of the synthesis is 
very poor, and thus untrustworthy for interpreting interrelations 
with groundwater and precipitation. However, the discharge record










synthesis was used as an estimate for both hydrologic and nitrate 
budgets. It was assumed that the total cumulative discharge over the 
period would not be grossly in error because of the good correlation 
between the flow amounts.5
Piezometer data were also lacking through September and most of 
October. Data for all sites up to October 25th were taken from logs 
recorded during instrument installaion and are included only to 
indicate trends. In looking at the graphs, the reader should note that 
for all sites, the terminus depth (shown in each graph for each 
piezometer) of the deepest piezometer was taken as datum for the 
hydraulic head values. As a consequence of the datum definition, the 
land surface is located on the graphs at the value of hydraulic head 
corresponding to the deepest terminus depth on that graph (see figure 
11). For the head difference calculation, a downward gradient was 
defined as positive. Piezometers were measured only periodically, thus 
the points represent actual water levels, with the lines representing 
only gross trends and very possibly omitting rapid, important changes. 
When dry, the data points were arbitrarily set to zero hydraulic 
head. Also, the symbol diameter on the graphs of piezometeric data is 
the size of the expected error of the measurement. Figures 12 through 
27 are graphs of hydraulic head for various sites during this period.
The precipitation record for September through November, 1982 is 
shown in figure 28. The period was dominated by rain, snow, and mixed 
snow and rain. Subsequent melt of thin snowcover was rapid. The data 
is presented in inches/day because this initial period has a poor 
streamflow record rendering timing comparisons of little value.
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Cn = Terminus depths for piezometers
A.J = Static water level (SWL) in piezometer 1
HH1 = Hydraulic head in piezometer 1
Di = Depth to SWL from land surface, piezometer 1
B = HH2  - HH-j = Hydraulic head difference 
A2  : Static water level in piezometer 2 
HH2  = Hydraulic head in piezometer 2 
D2 : Depth to SWL , piezometer 2
Figure 11. Piezometer data definition sketch for a piezometer nest.





















Figure 13. Piezometric data, site 37, September through November, 1982.













Figure 14. Piezometric data, site 33, September through November, 1982 4>00
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Figure 17. Piezometric data, site 17, September through November, 1982.
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Figure 18. Piezometric data, site 4, September through November 1982 LnM
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Figure 19. Piezometric data, site 7 September through November,1982 LnU>
3861 *-I 0quiaAON  q S n o j i p  a a q u ia ^ d a s  ‘ 03 33T S ‘ ^ p p  o T J ^ a u i o z a T d  - 03
( J  * } d S P g  0 O U I S  s f i o p j  9 « (  j
H
ydraul i c 
head 
(ft)
Figure 21. Piezometric data, site 6, September through November, 1982 LnLn
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Figure 24. Piezometric data, site 15, September through November. 1982.
Figure 25. Piezometric data, site 32, September through November, 1982 Ln
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Figure 26. Piezometric data, site 19, September through November, 1982. ONo
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Figure 27. Piezometric data, site 21 September through November, 1982.





























F i ij 11 re 29, MaLric potential data for tensiometer plot #3, October 19112. 
From Boone ( 1 9 8 3 ) .
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For the other periods of analysis, snow was predominant and precipi­
tation timing and intensity was largely unimportant in shaping stream 
hydrographs.
Looking at figures 12 through 27, the trends in September indicate 
the storms early in the month generally raised the watertable through­
out the watershed reducing the thickness and increasing the moisture 
content of the vadose zone, putting the watertable in greater communi­
cation with precipitation inputs. The increase in moisture content of 
the vadose zone can be inferred from figure 29 (Boone 1983), which 
shows matric potential data from a tensiometer array on the recharge 
plot (less negative matric potential indicates a higher moisture 
content). This increased the responsiveness of the subsurface system 
as is indicated in late October, when monitoring became more frequent.
Alternating mixed rain-snow and rain events on October 20th 
through the 26th (graph days 49 through 55 on figure 27) delivered 
2.77 inches of precipitation. Melt of the thin snowcover was rapid. 
This produced rapidly rising and dissipating groundwater peaks on 
October 26th (day 55 in figures) at sites 40 (figure 12), 37 
(figure 13), 38 (figure 14), 34 (figure 15), 8 (figure 16), and 
17 (figure 17). These sites responded in a similar manner because 
they all had relatively thin vadose layers, good solar exposure and 
were located in topographic positions concentrating subsurface flow 
i.e., ephemeral channels or near the watershed outlet (see figure 5). 
On October 25th, return flow via natural pipes was abundant in the 
lower wet meadows, but absent the following day, indicating the 
flashing response of the riparian system to these storm events.
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Some sites located near the watershed outlet did not exhibit such 
flashy behavior, notably sites 4 (figure 18) and 7 (figure 19(. These 
sites had peaks in hydraulic head lagged behind that of the other 
sites. This was probably due to the initial absence of saturation, 
consequently having more available storage and requiring more time for 
the build-up of saturated conditions. Site 20 (figure 20) is located 
in an ephemeral channel, but again, was initially unsaturated and 
showed no saturated response to the event. The response at site 6 
(figure 21) is unknown because it was not monitored during this 
period of storms.
Sites 12 (figure 22) and 16 (figure 23) exhibited only very 
damped responses due to a small upslope contributing area. Sites 15 
(figure 24) and 32 (figure 25) show very little response as well.
While these sites were both located in ephemeral channels, both were 
located in close proximity to networks of natural pipes 6 to 12 
inches in diameter, which flowed continuously. These pipes drained 
the subsurface system rapidly and efficiently preventing the accre­
tion of groundwater (Beven and Germann, 1982). The groundwater at 
site 19 (figure 26) also shows a damped response due to the overlying 
6 feet of vadose soil.
Groundwater response to the mixed rain and snow event on 
October 29th and 30th (day 59 and 60 on the graphs) was quite similar. 
Again, sites 40 (figure 12), 37 (figure 13), 33 (figure 14), 34 
(figure 25), 8 (figure 16) all exhibited rapid peaked response due to 
a thin vadose zone and topographic position. The response of site 17 
(figure 18) was not monitored on the day other sites had their peak
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groundwater response. Site 20 (figure 20) did show saturated response. 
Otherwise, groundwater at each site behaved as it had during the 
earlier event.
Head differences within most of the piezometer nests remained 
positive or insignificant during this period indicating the predominant 
direction of vertical groundwater movement was down into the system. 
Thus, most of the saturated system was recharging and moving into the 
stream via a fairly long pathlength. Sites 21 (figure 27) and 19 
(figure 26) were predominantly discharging sites. This is not sur­
prising, because of their topographic positions. Site 19 is located 
just above one of the perennial seeps in the watershed and site 21 is 
in an incised draw. The head difference in site 21 was reversed 
after the October 30th precipitation event, mainly due to the 
occurrence of surface flow recharging the groundwater in that area. 
Additionally, during the October 20tb-25th event, the groundwater at 
site 37 (figure 13) was moving vertically upward.
In early November, snow accumulation began with only very minor 
melting of the pack. During November hydraulic head within the 
various sites varied less than 0.5 feet. The synthesized streamflow 
record for this month (days 61 to 91 in figure 9). also indicates 
little discharge variation.
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2. Winter: December, 1982 - January, 1983
The discharge (figure 30) and piezometric data within sites 
(figures 31 through 39) showed little variation during this entire 
period. While there is a steep drop in discharge indicated in figure 
29, this is an artifice of the regression used to synthesize the 
missing data. No such steep drop was indicated from the data at the 
recharge plot on the Clear Creek mainstem (Boone, 1983). Springflow 
(Table 3) and matric potential data (figures 40 through 42) from the 
recharge plot show diurnal and seasonal variation to be of a very 
small magnitude during these months. The discharge or outflow rate 
for each of the regimes is proportional to storage in the regime.
Lack of outflow depletion among dynamic, linked regimes indicates 
there is no decrease in storage in either the vadose or groundwater 
systems despite outflows.
Inspection of the graphs of matric potential with depth in 
figures 40 through 42 (from Boone, 1983), shows that a downward 
gradient in the vadose zone is maintained throughout these months. 
Taking the land surface as local datum and converting centibars to 
feet of water, the total hydraulic head (neglecting velocity head) 
at the five foot depth is -5.67 feet and that at the two foot depth 
~-4.67 feet. This yields a downward gradient of "" 0.33 ft/ft. Moisture 
content and unsaturated hydraulic conductivity are functions of matric 
potential with the soil water characteristic curve describing their 
non-linear relationship. Although a characteristic curve was not 
developed for the soils in the watershed or the recharge plot, figure 
43 contains characteristic curves for a typical sandy soil and is used
Figure 30. Streamflow data December, 1982 through February, 1983. ONoo
Figure 31. Piezometric data, site 40, December, 1982 through February, 1983.
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Figure 32. Piezometric data, site 37, December, 1982 through February, 1983.
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Figure 33. Piezometric data site 6, December, 1982 through February 1983
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Figure 34. Piezometric data, site 33, December, 1982 through February 1983.
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Figure 35. Piezometric data, site 34, December, 1982 through February, 1983. L O
Figure 36. Piezometric data, site 4, December, 1982 through February, 1983.
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Figure 38. Piezometric data, site 16, December, 1982 through February, 1983.
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Figure 39. Piezometric data, site 7, December, 1982 through February, 1983.
Table 3 . Sprlngflow for September to March on the recharge plot •
Discharge (gpra*)
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Figure 43. Characteristic curves relating pressure head (or metric 
potential) to (a) soil moisture content and 
(b) hydraulic conductivity in a naturally 
occurring sand.
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here as a rough indicator of characteristic hydraulic conditions at 
the steady-state matric potentials. It should be noted that in the 
coarse soils in the watershed the dropping and rising limbs of the 
characteristic curves would probably be much steeper and occur at less 
negative values of matric potential. Using the figure as qualitative 
guide, at the measured matric potential values the moisture content 
of the recharge plot soil would be fairly close to saturation and the 
unsaturated hydraulic conductivity would be at or near its maximum 
value. Coupled with the downward gradient, this implies discharge 
through and out of the vadose zone would also be near a maximum value. 
However, as shown by figure 43, if there were a depletion of moisture 
content (storage) matric potential data should not be so uniform with 
time. By the law of conservation of mass, this implies there must be 
some steady input into the vadose zone to balance the outputs.
This apparent steady-state and lack of storage depletion seems to 
apply to the groundwater system, as well. Hydraulic heads in the 
various sites remained essentially constant throughout these months 
varying less than 0.5 feet. While the watershed has not been surveyed, 
it is apparent large gradients existed between groundwater levels at 
the monitoring sites and the stream system during this winter period. 
Saturated hydraulic conductivity values were quite high indicating 
rapid groundwater movement. Hydraulic conductivity tests on the 
Cagwin soils yielded a geometric mean value of 0.9 cm/min, which 
corresponds to median values encountered in clean sands (Freeze and 
Cherry, 1979). A single test run on the grus yielded a value of 
0.18 cm/min. That groundwater levels were maintained despite the
high discharge indicated by the high hydraulic gradients and conducti­
vity values, again suggests the existence of inputs into the system in 
order to maintain storage.
The present of inputs is also supported by the records for 
springflow on the recharge plot, (Table 3 Boone, 1983), and stream- 
flow discharge (figure 30). These exhibited no decrease with time as 
would be expected if there were no inputs into the system.
It appears the subsurface and stream system are essentially in 
steady-state during this period, implying that vadose discharge, 
groundwater discharge and streamflow are all nearly equal in magnitude. 
Mathematically expressed assuming conservation of mass:
I-Q-0 [2] or I=Q [3]
where I=inflow 
Q=outflow
and: Qv ■ Qs CO
O'II = Qt [4]
IV = Ig = Is = xt [5]
where: Qv = discharge out of the vadose zone
Qs = discharge out of the stream
Qg = discharge out of the groundwater
Qt = total discharge out of the system 
I = input into the vadose zone (infiltration)
I = input into the groundwaters
I = input into the stream 
I = total input into the system 
While much of this formulation is trivial (i.e., discharge out the 
vadose zone is equal to inflow into the groundwater), that it appears
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to be true of the whole system seems quite astounding in light of the 
total system's complexity and sensitivity to perturbations. However, 
regardless of the complexity involved, these linked regimes can be 
envisioned as operating essentially as a series of cascading reser­
voirs with discharge proportional to storage and storage proportional 
to inflow. If the input into the first reservoir is steady with respect 
to time, discharge from and into successive reservoirs in the series 
will be equal to the input into the first reservoir, given enough time 
to reach equilibrium. Thus, to explain the apparent steady-state, a 
steady input into the first reservoir over an adequate time span is 
all that is required. The first reservoir is the vadose zone and the 
input would be the infiltration of snowmelt water.
There are two possible explanations of steady input of meltwater 
to the vadose zone, both of which may be operating in tandem to 
produce the conditions of cascading steady state. The first is steady 
meltwater production. The second is steady infiltration of meltwater. 
Both mechanisms are possible and not mutually exclusive. Indeed, they 
may even be complementary. They will now be explored in sequence.
Both incoming solar radiation and air temperature can be dis­
counted as sources of meltwater production, because the continuous 
data (streamflow discharge (figure 30) and matric potentials with 
depth (figures 40 through 42) show little diurnal variation. Albedo 
and solar angle were quite high. No surface melt was indicated from 
snow texture at the snowpack surface throughout most of the area.
A dry, relatively deep snowpack would also have damped delivery of 
meltwater to the soil. Throughout winter, snow cores from the snow
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surveys contained no ice lenses or layers of metamorphosed snow 
crystals indicative of meltwater migration except for a thin layer at 
the pack base.
One source of snowmelt could be melt at the ground surface/snowpack 
interface induced by heat flux from the soil. Soil temperatures in 
the Sierra Nevada generally remain above freezing under the insulation 
of a deep snowpack during midwinter (Taylor, 1969). This is also true 
of the watershed during midwinter months. Data from Boone (1983), 
presented in figure 44, indicate soil temperatures at the recharge 
plot were always greater than 0.5° C from mid-November through 
February. It is doubtful soil temperatures had diurnal variation 
because of insulation by the snowpack (Gray, 1968). As can be seen in 
figures 31 through 39, the watertable remained near the ground surface 
in the base of the study watershed, keeping the vadose zone wetter and 
thus at a higher heat capacity, so temperatures there may have 
remained higher.
Soil heat flux is controlled by temperature gradients when thermal 
conductivity is steady. Since moisture content in the recharge plot 
vadose zone is nearly steady with time, thermal conductivity of the 
soil would also be nearly steady. As indicated by the data in figure 
44, the temperature gradient in the soil remains nearly constant from 
November, 1982 through February 1983. Thus, the heat flux from the 
soil to the snowpack would also remain nearly steady. The heat flux 
would generate snowmelt steadily if of a large enough magnitude to 
produce snowmelt.
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othe heat flux from the soil to the snowpack to be 9.9 Kcal/ft /day.
He concluded this magnitude of heat flux was insufficient to produce 
snowmelt at the ground surface/snowpack interface. However, his 
conclusion was based on the following assumptions: 1) the heat flux 
was unable to counter air temperature effects; 2) any increase in 
temperature at the snowpack base would be transferred upwards through 
the snowpack due to the existence of high temperature gradients;
3) heat would subsequently be lost to the atmosphere through the snow 
surface during cold, clear nights; 4) no snowmelt would be produced 
until the snowpack was at isothermal conditions. Boone (1983) also 
cited the absence of a slush layer at the snowpack base as further 
evidence of no melt due to soil heat flux.
These assumptions may well not be valid for the following 
reasons: 1) soil heat flux to the snowpack base need not counter 
air effects in a deep pack because of insulation effects; 2) if melt 
only took place at the snowpack base, the rest of the pack would 
remain dry and thus have a very low value of thermal conductivity 
(Table 1 from Berry, 1981), hence upwards transfer may have been 
minimal and thus confined to the pack base; 3) with minimal heat 
transfer, loss to the atmosphere may have been negligible; 4) 
temperature gradients within the snowpack were not measured; their 
existence is probable, but their magnitude is unknown; 5) if 
temperature increase and heat transfer were confined to a thin layer 
at the snowpack base, melt could have been produced without the onset 
of isothermal temperature conditions. Male and Gray (1975) cite 
additional conditions under which snowmelt occurs sans isothermal
snowpack. Furthermore, as noted by Male and Gray (1981) a slush layer 
at the snowpack base only develops when meltwater produced is in excess 
of infiltration rates. With the high infiltration rates characteristic 
of the area, the absence of a slush layer does not imply the absence 
of snowmelt.
To test the feasibility of this mechanism, a rough calculation of 
meltwater produced was made using the soil heat flux calculated by 
Boone (1983) and assuming temperature increase and heat flux is con­
fined to a layter 0.4 in. thick at the pack base due to low thermal 
conductivity within the snowpack. Any moisture produced at the pack 
base would remain immobile or move downward, hence higher thermal 
conductivity values would not be increased in the upper portions of 
the pack. Snow core and snow pit data support this assumption. 
Development of rounded grains, indicating crystal metamorphism from 
snowmelt, was confined to a thin layer at the snowpack base from 
November, 1982 through February,•1983. It was also assumed the snow 
in this layer at the pack base is near 0.0° C because the soil 
temperature at 0.5 foot depth is ''"1.0° C (figure 44 from Boone (1983)). 
Using these assumptions, a total of 0.05 inches of water equivalent 
per square foot per day could be produced. This meltwater estimate 
is probably an overestimate due to the assumed conditions.
A separate approach was used to check the amount of meltwater 
calculated for feasibility in generating streamflow during this 
period, by calculating how much water was required to be infiltrated 
assuming steady-state and no change in storage [Eq. 2]. Total 
discharge out of the system was assumed to be equal to the streamflow
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discharge. Quantity solved for was total inflow, which was assumed to 
represent infiltrated meltwater. The streamflow discharge was cal­
culated by using an average value of 0.135 cfs and integrating over 
24 hours. To solve for an infiltration value on a per area basis, the 
output quantity was divided by the area of the watershed. This assumes 
the entire watershed contributes to snowmelt. Tteheat flux calculated 
by Boone was based on a high moisture content, thus upper dry sites 
may not contribute to snowmelt. This calculation is, therefore, prone 
to underestimation. The result was that 0.016 inches per square foot 
per day was necessary to sustain streamflow during this period.
Because the meltwater generation calculation had assumptions which 
cause some overestimation, the agreement with the calculation of 
necessary infiltration input appears reasonable.
Melt produced by soil heat flux at the ground surface/snowpack 
interface, therefore, seems a reasonable mechanism for generating 
input into the system. Such a mechanism would be non-variant with 
time throughout midwinter due to the aforementioned steady heat flux, 
thus generating cascading steady state down through the other regimes. 
Considering the work of Taylor (1969) which documents the predominance 
of above-freezing soil temperatures beneath snowpacks in the Sierra 
Nevada, this may be a dominant mechanism of midwinter headwater 
streamflow generation.
Furthermore, infiltration rates tend to become steady after long 
periods of time (Dunn and Leopold, 1978). Virtually all theoretical 
and empirical mathematic expressions of infiltration rates imply an 
asymptotic approach to steady state (Hillel, 1971). The following is
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an examination of two of these mathematic formulations.
The empirical equation formulated by Horton (1938) is:
i(t) = ^  + (io “ V e
-ct [5]
where i(t) = i instantaneous rate as a fuction of time t
i = minimum infiltration rate at t=ooc
i = minimum infiltration rate at t=0 o
c = constant for a particular soil
As noted, after long time periods, the equation's time dependent terms
become negligble and the infiltration rate, i(t), becomes essentially
equal to the minimum infiltration rate, i .c
Phillip (1957) developed the following solution to the governing 
equation of vertical infiltration subject to the conditions: 
at t—0, z 0, 9̂ =9 0
and, at t 0, z=0, 0=9;
where: z = the depth to any moisture content,
The equation has the form:
i - St-** + K 171
where: i = the infiltration rate
K = a value close to the saturated conductivity
s = the sorptivity of the soil
t = time
Again, it can be seen that after very large times, the time dependent 
terms become negligble and the infiltration rate becomes nearly steady.
The meltwater input scenario developed is not conclusive due to 
the level of conjecture and the number of assumptions implicit in the 
proposal of these mechanisms. However, it is certain and implicit in
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the midwinter hydrologic data that the linked regimes are in 
steady-state for an extended p;riod. There must be some mechanism of 
input generation to maintain storage. Snowmelt seems the most 
reasonable source.
Such production of meltwater and resulting maintenance of systemic 
steady-state illustrates well the ramifications of the conceptual 
framework previously developed. The melt production scenario, which 
appears feasible, supports the concept of the dynamic, linked nature 
of the hydrologic regimes and the effect of the subsurface system on 
the snowpack. With the water table initially close to the soil 
surface, the soil heat capacity, thermal conductivity, and temperature 
remained relatively high. The moisture concent and attendant thermal 
properties in the vadose zone also remained high. Thus, heat flux 
remained fairly steady, producing meltwater and maintaining the 
moisture content of the vadose zone. Because the water table was 
close to the surface, it was responsive to inputs and its position was 
maintained. Furthermore, the presence of flowing stream segments were 
observed to produce convention melt and direct stream contributions, 
maintaining flow. Thus, the conclusions of self-maintenance of 
existing hydrologic situations appears to be supported by field data. 
The conceptual framework suggests the hydrologic mechanisms are 
sensitive to perturbations in the boundary conditions. Under the 
insulating snowpack, with minimal surface snowmelt, boundary 
conditions are steady for extended periods for the vadose and saturated 
zones. Climatic and hydrologic perturbations are damped ' or absent.
The dynamic system comes into steady-state, maintaining itself, as
93
expected.
Only two sites had groundwater responses that differed from the 
steady-state hypothesis. Site 40 (sigure 31) had slight rises and 
drops in hydraulic head. This site was located in the northern wet 
meadow at the watershed base (figure 5). It had a slight southern 
aspect and the greatest solar exposure of any of the sites. The pack 
here also remained relatively thin. At this site, some surface 
radiation induced snowmelt may have occured to and percolated into 
the soil. This is supported by comparing figure 31 with figure 45 
showing the precipitation data for December, 1982 through January,
1983. All precipitation during this period came as snow and thus 
damped or terminated any surface snowmelt. The rises in head levels 
in the nest at site 40 (figure 31) correspond to periods without 
snow while the drops correspond to periods with storm events.
The situation at site 7 shown in figure 39 is less explainable. 
Groundwater storage has increased. While the piezometer is located 
at a flow concentration point in an incised stream channel, the 
contributing area upslope is dominated by densely vegetated slope 
with north aspects (see figures 4 and 5). One would not expect 
much melt on such slopes. Groundwater in this area is possibly isolated 
from the larger groundwater system and is thus mounding due to 
relatively low unsaturated hydraulic conductivity values at the
boundaries.
Figure 45. Precipitation data, December, 1982 through February, 1983. -P"
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3. Spring Snowmelt: March through June, 1983
The hydrologic system departed from steady-state during the 
spring snowmelt period. Streamflow discharge began to exhibit diurnal 
variation early in March (figure 46), indicating diurnal snowmelt 
processes and meltwater delivery were becoming effective. The 
dominant snowmelt process was incoming solar radiation. Generally, 
trends of increasing streamflow discharge and aggrading water levels 
were reversed or damped during storm events, due to storms essentially 
shutting off incoming solar radiation and fresh snow increasing 
surface albedo. These effects decrease snowmelt, and ripple through 
the linked regimes as outlined in the conceptual framework, ultimately 
decreasing streamflow for a period. The increases in streamflow and 
head levels generally occurred during clear days. However, there were 
also storms which had mixed rain that penetrated the snowpack.
Precipitation was greatest during March with 9.38 inches 
delivered to the watershed base. Only 7 days were without measurable 
precipitation (figure 47). This damped the onset of melt by 
minimizing solar radiation and increasing both pack depth and surface 
albedo. Maximum pack depths ranged from 6 feet at the watershed base 
to more than 10 feet at the top and in areas with snowdrifts.
A clear, warm period from March 7th through the 9th resulted in 
surface melt in the open lower meadows. The storms on the 9th and 10th 
occurred at night, were of short duration and had minimal effect on 
the wet snowpack. The days were warm and clear. By the afternoon of 
the 10th, the snowpack was slushy to a depth of two feet. As a result 
of meltwater input, hydraulic head increased at most of the lower sites
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Figure 47. Precipitation data, March, 1983 V O
as indicated in the data for site 40 (figure 48), 37 (figure 50), 
and 4 (figure 51). Elsewhere in the watershed, the snowpack remained 
fronze due to minimal solar exposure. Sites in the upper watershed 
were not monitored intensively enough to deduce groundwater response
A mixed rain and snow event occured on the 11th, delivering 2.6 
inches of precipitation to the watershed. It was not known what 
fraction was rain. During the event, piezometers at sites 40, 36, 6 
and 4 were measured at four hour intervals. Air temperature remained 
above freezing, varying from 1°C to 5°C. Rain apparently penetrated 
the snowpack. Streamflow and precipitation data for the storm are 
illustrated in figure 52a. Streamflow rose slightly, though signi­
ficantly, within 9.4 hours of storm onset. The small, initial rise 
was most likely from direct input of percolating water onto saturated 
areas at the stream margins. The lag time may represent the snowpack 
traveltime for the initial wave of penetrating rain. The initial wave 
would have the slowest velocity because water moves through snow as 
a "shock wave" (Colbeck, 1975a) with subsequent, faster waves catching 
up to the slower wave front. Snow depth was A'4.4 feet in the northern 
meadow and about 5.7 feet in the southern meadow. The water velocity 
estimate was in good agreement with the average meltwater wave front 
velocity of 0.72 ft/hr calculated by Jordan (1983a) for ripe snow. 
While rain-on-snow may behave much differently than meltwater, the 
mixed rain and snow caused little convective melt and should have 
behaved in a manner similar to meltwater.
Significant rises in hydraulic head lagged behind significant 
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the site (figure 52b). Variation in groundwater response time among 
the sites was due to variation in total vadose pathlength (snow depth 
plus soil vadose thickness). At site 40, the piezometer at the 6 foot 
depth had a total vadose pathlength of ~6.2 feet. This was the least 
for all the sites and it responded first, about 10.4 hours after 
storm onset.
The lag times between stream and groundwater response represents 
the traveltime of meltwater through the soil vadose zone. As 
precipitation continued and increased in rate, hydraulic head inc­
reased, increasing the extent of saturated area near the stream. 
Increasing runoff efficiency accounted for the initial steep rise in 
the storm hydrograph which was lagged 3 hours behind the centroid of 
maximum precipitation intensity. The steep discharge rise coincided 
with the initial large increases in hydraulic head at all the sites 
and the occurrence of profile saturation at site 6 (figure 52a and b). 
This first peak dissipated with decreasing precipitation intensity. 
Groundwater levels continued to rise, ostensibly from continuing 
gravity drainage from the snowpack and areas upslope. The second peak 
on the storm hydrograph resulted from a combination of additional 
precipitation continuing rain percolation, growing saturated areas, 
and increasing groundwater discharge. The double-peaked storm hydro­
graph shape is typical of watersheds with dominantly groundwater 
generated storm runoff (Chorley, 1978).
The importance of vadose thickness and available storage is 
illustrated in the data for site 6 (figures 51 and 52b). Only 0.75 



































Figure 52. (a) Storm hyetograph and hydrograph and 
(b) Piezometric data from intensively 
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Figure 54. Piezometric data, site 31, March, 1983.
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surface saturation of the four intensively monitored. The position of 
site 6 was no closer to the stream than the others and was at about 
the same elevation as site 40.
The groundwater at site 4 had the greatest increases in hydraulic 
head (2.05 ft) and the longest duration of rise from this storm event. 
Water levels continued to rise for 2.3 days after the beginning of 
the precipitation event. Water levels at other sites began to drop 
within 2 days. Both magnitude and duration of rise were a function 
of its position in an incised channel at the base of a relatively 
large upslope contributing area (figure 5).
Most of the other sites in the watershed had increases in 
hydraulic head, indicating rain pentrated the snowpack throughout the 
watershed. The areal extent of saturation was increased. Site 20 
(figure 53) and site 31 (figure 54) developed zones of saturation 
where there had been none for several months. Graphs of groundwater 
data for other sites with saturation are presented in Appendix 1.
The snowpack after the storm was at the same average depth as 
before the event (4.4 feet in the northern meadow). Convective 
melting is not indicated. Mean water equivalent of the snowpack at 
the lower snow course increased from 20.0 inches to 21.5 inches. The 
increase in pack density indicates some rain remained in snowpack 
storage. Integrating streamflow over the period shown in figure 52a, 
only 0.21 in/watershed area (8.1%) of the storm precipitation existed 
the watershed as streamflow.
Successive storms in March prevented the continuation of melt 
processes. Streamflow and hydraulic heads generally dropped as a
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result through the 29th of March as storage was depleted. It also 
appeared the storm on the 30th (figure 46) may have penetrated the 
pack, as indicated by the steep streamflow discharge peak at about 
midnight.
In April, there was a strong pattern of melt on clear days and 
melt cessation during and after storms. This is apparent by comparing 
the month's precipitation data (figure 55) with the streamflow data 
(figure 56). The pattern is also reflected in the piezometric data 
for site 40 (figure 57) and site 6 (figure 58).
The warm, stormless period from day 14 to 19 resulted in the 
resumption of snowmelt. As melt progressed, the magnitude of diurnal 
change in streamflow increased, implying greater melt production 
and/or greater efficiency of runoff production. The greater runoff 
efficiency was a result of decreasing available vadose storage.
The rising limbs of the daily streamflow hydrographs steepened, 
implying greater water velocities and/or decreased pathlength, 
with increased runoff efficiency and direct contributions to the 
stream due to extension of channels and saturated areas. Again, this 
supports the conclusions of the conceptual framework developed in 
the previous section. The occurrence of snowmelt has intrinsic 
effects which increase subsequent snowmelt rates and runoff efficiency. 
The subsurface effects on the snowpack, such as convective melt, also 
contribute to increased snowmelt. Baseflow increased, implying 
greater groundwater contributions. This last observation is corrobo­
rated by the piezometric data (figures 57 and 58).

























Figure 57. Piezometric data, site 40, April, 1983










Figure 58. Piezometric data, site 6, April, 1983.
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watershed, but most of the increased stream contributions came from 
the lower watershed. Data from the snow course in the lower meadow 
indicated a mean of 5.8 inches of water equivalent were lost during 
the month and pack depth decreased from a mean ~5.0 feet on April 
2nd to a mean of ~3.6 feet on May 3td. At the upper snow course near 
the southern watershed boundary, (see figure 5) , a mean water equiva­
lent declined by only 0.2 inches (within measurement error) and depth 
decreased from 7.4 feet to ~7.3 feet. Thus, in the upper areas, most 
of the meltwater appeared to have gone into snowpack storage because 
of pack depth. There were no saturated zones in the area. As 
suggested by the conceptual framework, a deep snowpack covering a soil 
profile with a low moisture content, tends to maintain the continued 
existence of that situation.
In May, the melt pattern continued. This continuing increase in 
streamflow further supports the ramifications of the conceptual 
framework. Streamflow data for the month (figure 59) indicate 
steadily steepening rising limbs, increasing baseflow, and greater 
diurnal discharge variation. Again, the pattern is only disrupted by 
storms as can be seen by comparing the streamflow data to the pre­
cipitation data (figure 60). The long, gentle recession limbs on 
the diurnal hydrographs, indicate the high degree of control from 
groundwater and snowpack drainage.
Snowmelt in the lower meadow was rapid. By May 16th, all snow 
was gone from both sides of the meadow (see figure 61). Piezometric 
data from site 4 (figure 62) and site 6 (figure 63) indicate sizable 
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Figure 59. Streamflow hydrograph, May, 1983.
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Figure 60. Precipitation data, May, 1983.
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was in operation. Direct observation revealed return flow via natural 
pipes, diffuse springs and stream margins was abundant in the wet 
meadows. Direct contributions onto saturated areas result in sheet 
flow at the stream margins was also observed. It was observed that 
where profile saturation did not exist, no surface flow occurred, 
implying infiltration rates throughout the watershed were greater than 
maximum meltwater rates. Figure 64 is a rough sketch map, prepared 
from field notes, showing saturated areas, springs, and flowing stream 
sections on May 16th. It is postulated dirunal streamflow hydrographs 
during this melt period were not double peaked because direct 
contributions had reached terminal response (profile saturation) at 
the watershed base and could show no diurnal variation. Groundwater 
flow in the northern wet meadow peaked by May 16th with the 
disappearance of snow as indicated by hydraulic head data from 
site 40 (figure 65) .
While the northern meadow had a fairly small contributing area, 
the southern side of the stream had a much larger upslope contributing 
area. The net effect is more water added to the system and longer 
average pathlength to the sites near the stream. The result was main­
tenance of profile saturation for longer periods at sites 4 (figure 62) 
and site 6 (figure 63).
Piezometric data from upslope sites indicate the middle of the 
watershed responded more slowly to melt. There are three reasons.
First, there was more available storage in the vadose snowpack and 
soil system. Second, there was less snowmelt due to vegetative cover 
blocking incoming solar radiation. Third, these sites had generally
SATURATED AREAS C P
Figure 64. Rough sketch map of saturated areas and operating flow contributors











Figure 65. Piezometric data, site 40, May, 1983.
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upslope contributing areas. Generally, peak hydraulic head response at 
the middle sites occurred about the 27th of May as indicated in the 
piezometric data from sites 8 (figure 66), 31 (figure 67) and 20 
(figure 68). Data from site 12 (figure 69) show hydraulic head 
continuing to rise through the end of May due to much slower melt 
on the north-facing contributing area above it.
Based on direct observation, snowcover was depleted and retreated 
from the stream margins throughout the lower and middle parts of the 
watershed faster than channel and saturation extension. This resulted 
in smaller magnitude of direct inputs into the stream despite on-going 
areal aggradation of profile saturation. This is evidenced in the 
shapes of the diurnal hydrographs from day 24 through 29 in figure 59. 
While baseflow (as indicated by daily discharge minima) continued to 
increase, rising limbs became less steep and diurnal change in dis­
charge lesser in magnitude. It appears most streamflow was groundwater 
generated at this point. Baseflow later began to drop, with the 
decrease of melt inputs from the isolated remnants of the snowpack.
Snowmelt continued in the watershed's uppermost reaches. Though 
snowmelt had decreased pack depth by ~7 feet at the watershed top 
during May, only the piezometer nest at site 27 (figure 70) detected 
saturated conditions. The saturated lens was very transient, 
dissipating within one week of occurrence. Another transient, 
saturated zone was detected in late June. All other pieziomters at the 
upper meadow remained dry. The damped response is initially somewhat 
puzzling. The dry meadow should be a concentration point for sub­
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There were two plausible explanations for such slow, minimal 
groundwater response in this area. First, available storage was great. 
Minimum vadose soil thickness varied from 5 to 10 feet. Second, an 
ice lens at the pack base existed throughout this upper meadow from 
May through June 15th. This impeded meltwater movement perching 
water in a saturated lens at the pack base. The saturated lens was 
about 3 inches thick from June 2nd through June 15th. A dye test was 
performed on an isolated bank of 3 foot depth on June 10th. Dyed 
water poured on the snowpack surface flowed out atop the ice lens 
through a cut interception face within 12 minutes. After 30 minutes, 
the lens was removed by shovel. The soil underneath was moist but 
unsaturated. No dyed water was present. Thus, the snowpack acted as 
an upper, perched aquifer. Such systems commonly damp responses in 
lower saturated zones (Freeze and Cherry, 1979). It is likely 
meltwater still drained into the soil via cracks and natural openings 
(i.e., around tree bases) in the lens. This would result in a very 
slow delivery of meltwater and hence movement through the soil 
remained unsaturated. The ramifications of the previously discussed 
conceptual framework appear applicable. The deep snowpack overlying 
a deep, dry soil profile tends to damp resonse. Furthermore, the 
development of the ice lens would probably have not occurred if the 
soil surface were initially moist. The pack base would have remadned 
relatively warm due to soil heat flux if initially moist. As dis­
cussed, a dry soil produces much lower heat flux and has a much lower
water equivalent were lost from 1st to June 17. The ostensible
contributing area was sizable.
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heat capacity. The soil plugs from snow cores in January revealed the 
soil surface was quite dry beneath the snowpack. The dry soil may have 
contributed to the initial ponding of the water refrozen in the lens. 
Low unsaturated conductivity in dry coarse soils can perch water 
(Chorley-, 1978). A dry, coarse-grained media overlain by a fine­
grained media can also pond drainage water due to the differing water 
entry pressures at the boundary of the textural discontinuity. Thus, 
the existence of the deep snowpack and deep, initially dry soil pro­
file contributed to the maintenance of a drier, less responsive 
profile.
The early response at site 27 was caused by breaking of the ice 
lens for instrument maintenance. The meltwater perched in the 
snowpack was then able to drain into the site area, probably creating 
a transient recharge mound.
By June 7th, there were isolated spots of open soil in the upper 
dry meadow. The open, vertical faces in the snowpack then acted as 
seepage faces. There was very little ponding of water, indicating the 
high vertical infiltration rates of the coarse soil when wet. Some 
of the groundwater may have been drained via fracture flow. Examina­
tion of the soil surface in this meadow indicated no surface water 
flow had occurred.
The diurnal streamflow hydrographs in June (figure 71) indicate 
flow was largely groundwater dominated. All snowcover was gone from 
the watershed by June 17th. By May 30th, snowbanks were no longer in 
the proximity of saturated areas. Thus, there were no direct stream 
contributions to the stream in June except during rain events. As
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Figure 71. Streamflow data, June, 1983
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opposed to the melt hydrographs in May, the June hydrographs have 
steep falling limbs and gentle rising limbs. The steep falling limbs 
are due to the daily onset of evapotranspiration which responds 
rapidly to sunshine. The gentle rising limbs are caused by groundwater 
storage recovery from daily evapotranspiration withdrawals. The 
general time of daily peak discharge shifted in response to the 
changing hydrologic mechanisms. In may, during snowmelt, the general 
time for peak streamflow was ~2:00 p.m. P.D.T. In June ~ 11:00 a.m. 
was generally the time of the peak. Baseflow, as indicated by discharge 
minima, decreases over the month as water in storage decreases. The 
decrease in storage is visible in figure 72 showing piezometric data 
from site 7. This was true of almost all sites with prior saturation. 
Complete data from the other sites with saturated zones is in Appen- 
six 1.
There were four rain events in June (figure 73). Each increased 
streamflow. Streamflow and precipitation data for the June 3rd event 
are presented in figure 74. The storm delivered 0.41 inches of rain 
to the watershed. The rain occurred as an abruptly starting and ending 
burst with a peak intensity of 0.29 in/hr at the storm centroid 
lasting for 1 hour.
Again the stormflow hydrograph was double-peaked. The initial 
peak is due to direct precipitation onto saturated areas. Streamflow 
began rising steeply 10 minutes after the beginning of the storm. The 
initial peak occurred 30 minutes after storm onset. Discharge 
increased by 0.20 cfs over baseflow at the initial peak. This 













Figure 73. Precipitation data, June, 1983.
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peak rain intensity. A rough estimate of saturated area in the 
watershed was 32,000 ft. Considering the rough nature of the satu­
rated area calculation, the agreement appears reasonable.
Coincident with the abrupt cessation of rainfall, the second 
discharge peak occurred. This was from groundwater inflows. It is 
postulated no throughflow or interflow occurred within the watershed, 
due to the lack of perching conditions in the soil profiles. The 
dominance of groundwater-generated streamflow was also indicated in 
the long recession curve. Baseflow remained elevated over pre-storm 
levels for a full day despite ET losses. The recession limbs falls 
relatively steeply initially within one hour of storm cessation 
indicating the flashiness of the groundwater system.
While snowcover still persisted in the upper watershed during 
the storm, convective melt from the rain is not indicated. Integra­
ting the streamflow over the period shown in figure 74, 0.172 inches 
(42.0%) of the precipitation from this event existed the watershed 
as surface water.
Because the snowpack was the deepest, densest and most persistent 
ever recorded (USDA-SCS, 1983), the data for the entire snowmelt 
period probably represent the maximum snowmelt, groundwater, and 
streamflow response for the watershed in both duration and magnitude; 
such response would have a long return period. Thus, the looping 
explained as part of the conceptual framework operated for unusually 
long periods of time. This implies direct contributions from saturated 
areas were also at a maximum in both duration and magnitude. Despite 
this fact, the maximum diurnal variation in streamflow was only
136
~0.4 cfs. Peak outflow was only ~1.1 cfs. Such damped response indi­
cates that while direct streamflow contributions dominated peak 
generation above diurnal baseflow, groundwater transmission was the 
dominant generator of streamflow. While snowmelt processes and direct 
contributions to streamflow ere at a maximum in May, the cumulative 




Monthly totals for precipitation and cumulative streamflow are 
summarized in Table 4. The precipitation data is based on amounts 
collected in the raingage at the watershed base. Due to precipitation 
variation with elevation, this probably represents a minimum estimate 
of precipitation over the watershed. The streamflow record for 
September, 1982 through December, 1983 is poor. As indicated in 
figure 30, the synthesized data may overestimate discharge by ~0.06 
cfs (~45%) during this period. If the error remained constant over 
the four months, it results in a 10% overestimation of outflow over 
the 9 months of data.
Based on the data in Table 4, only ~18.5% of the total 
precipitation delivered to the watershed exited as streamflow during 
the 9 months. As mentioned, this probably represents a maximum 
efficiency with a large return period. Such was not an estimate of 
annual streamflow generation. Much of the meltwater was still 
draining from vadose and groundwater storage in late June. The 
discharge at the end of June (figure 68) was ~0.22 cfs above the 
streamflow in September.
It is doubtful the assumption of no inter-basin transfer of water 
is valid. Fracture flow is evident along road cuts in the area. With 
the deep, permeable soils located on ridge axes, it is doubtful the 
watershed divides acted as groundwater divides. However, within the 
geology of the Carson Range, it would be difficult to find a watershed 
which did not violate the "no-transfer" assumption. Hence, the data 
is representative of other headwater basins in the general area.
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1982 September + 4.70 3,354,193 9.85 0.65 465,699 13.88 7.41 1.36
1982 October + 4.20 2,997,364 8.81 0.63 451,076 15.05 7.18 1.32
1982 Novanber + 7.72 5,509,439 16.18 0.65 467,629 8.49 7.44 1.36
1982 Decenber + 3.06 2,183,793 6.42 0.68 486,680 22.3 7.75 1.42
1983 January 5.50 3,925,119 11.53 0.47 334,123 6.01 5.32 0.99
1983 February 7.79 5,559,395 16.33 0.45 320,062 8.15 5.10 0.94
1983 March 9.38 6,694,112 19.66 0.62 445,270 6.65 7.09 1.30
1983 April 4.50 3,211,461 9.43 0.71 509,404 15.59 8.11 1.49
1983 May 0.29 206,961 0.61 2.02 1,439,062 695.3 22.91 4.23
1983 June 0.56 399,468 1.17 1.91 1,362,140 340.8 21.69 4.0
1983 July to *




to June, 1983 47.70 34,041,487 100.0 8.80 6,281,145 — 100.0 18.45
*•September, 19B2 
to September, 1983 --- — — 11.99 8,561,145 — — 25.13
. Streamflcw estimates for these months based on linear regression 
Rough estimate of streamflow (see text)
•‘Includes estimated streamflow for July, 1983 through August, 1983
13,2
Without a quantitative assessment of the water remaining in 
storage as soil moistre and groundwater it is difficult to estimate 
the amount of water lost via sublimation, evapotranspiration and/or 
natural groundwater diversion from fracture flow and flow across 
watershed boundaries. For estimation purposes only, streamflow from 
June through August, 1983 was assumed to decline linearly from the 
discharge at the end of June ( ~ 0.40 cfs) to the discharge at the 
beginning of September, 1982 (~0.18 cfs). It was also sume the 
estimated summer streamflow represented only drainage of the stored 
precipitation. Storage in September, 1983 was assumed equal to 
storage in September, 1982. This would result in the outflow of an 
additional 2,800,000 ft. or 3.19 inches over the watershed area over 
the three months. Based on this estimate, 35.71 inches of precipita­
tion (74.87%) over the watershed area was lost to sublimation, 
evapotranspiration, and/or groundwater outflow. Due to the effects 
of precipitation storage in the snowpack aws indicated in Table 4, 
it is impossible to estimate the loss on a monthly basis. The seasonal 
loss estimate is within the estimates of Szecody (1982). Using isotope 
and major ion water chemistry in a hydrogeochemical investigation 
of nearby Ash Canyon, he estimated potential recharge to the soil and 
stream system to be 3-50% of the total precipitation in the 6200-9200 




Nitrate loading to the watershed via precipitation is summarized 
on a monthly basis in Table 5. Analysis results, sampling times for 
individual storms, water equivalent sampled, and loading per event 
can be found in Appendix 2, Table 2.9. The range for nitrate loading 
per event was 0.64 to 37.34 g/ha.
Nitrate concentrations in precipitation had a non-weighted mean 
of 0.070 mg/1 and a standard deviation of 0.106 mg/1. Mean weighted 
nitrate concentration was 0.034 mg/1. Nitrate concentrations were 
seldom below detection limits. Twice, a single storm was sampled at 
three areally distributed points. Both times two of the samples had 
the same concentration and the third was ± 0.001 mg/1 (within measure­
ment error). Thus, area variability of precipitation chemistry is 
not indicated. The weighted average concentration and range of 
concentrations were much lower than those found by past investigators. 
Leonard et. al., (1981) had a range of 0.146 to 1.541 mg/1 and a 
weighted average concentration of 0.387 mg/1 in samples taken in 
water year 1977-78 in Ward Creek, California, about 18 miles west of 
the study site at a similar elevation. In the same location, Coats et 
al., (1976) had a mean weighted concentration 0.071 mg/1 and a range 
of 0.030 to 1.020 mg/1 for data collected in water year 1972-73.
There are several possible explanations for the lower values 
found in this investigation. Orographic washout of atmospheric nitrate 
sources is possible because most of the storms move easterly.
Second, local atmospheric sources of nitrate (nitrous oxides in auto
Table 5. Nitrate Loading From Precipitation
Year Month













1982 September 4.70 68.58 5459.0 15.2 0.058 0.130-0.030
1982 October 4.20 37.78 3007.3 8.4 0.035 0.270- .002
1982 November 7.72 84.62 6735.8 18.8 0.043 .080- .011
1982 Decanber 3.06 30.48 2426.2 6.8 0.039 .120- .011
1983 January 5.50 18.92 1506.0 42 0.013 .020- .008
1983 February 7.79 44.18 3516.7 9.8 0.022 .060- .020
1983 March 9.38 60.45 4811.2 13.43 0.025 .070-0.007
1983 April 4.5 66.27 5275.1 14.7 0.058 0.180-0.030
1983 May 0.29 8.36 665.5 1.9 0.113 .120-0.110
1983 June 0.56 30.23 2406.3 6.7 0.212 0.690-0.160
September, 1982 through
June, 1983 47.70 449.87 35,809.1 --  .037 0.690-0.002
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emissions) in the Tahoe Basin may have affected the Ward Creek samples 
to a greater degree, increasing the concentrations in precipitation. 
Third, methods of chemical analysis for nitrate differed; samples 
taken from Ward Creek were analyzed by the hydrazine method. Because 
of the high values at Ward Creek, contamination during or subsequent 
to collection is possible. Finally, because the winter was the wettest 
in record, it is possible concentrations remained anomalously low 
due to depletion of atmospheric sources by continued, efficient 
scavenging by precipitation.
During months with high snowfall, concentrations remained 
relatively low from storm frequency providing continual washout. Long 
duration storms, typical of the high precipitation winter months, have 
been reported to have lower overall concentrations of contaminants 
(Pack, 1978). Loading is a function of both precipitation amount and 
concentration. The two months with highest precipitation had the 
lowest weighted averages of nitrate concentration, and were not the 
greatest in loading. Rain, which was the dominant form of precipi­
tation in September and June, tended to have higher concentrations. 
However, this may result from rain events generally occurring after 
dry periods and for short durations.
The total loading estimate for the watershed may represent a 
minimum for the nine months due to the precipitation estimate. This 
total load is somewhat lower than the 1000-2000 g/ha/yr estimate of 
Coates et al, (1975) in Ward Creek. Aside from the aforementioned 
possible differences in concentrations, there are three months of 




There is some evidence snowmelt fractionation was important in 
shaping water nitrate chemistry in the watershed. The evidence was 
consistent, but sampling was erratic and too limited in sample numbers 
to have statistical significance. Meltwater and snowpack sample 
results are presented in Appendix 2, Table A2.7
On March 18th, wnopits were dug in the exposed wet meadow and 
under heavy canopy cover. The snowpack was sampled by layer with 
depth. The weighted average of incident precipitation at that time 
was 0.030 mg/1. Nitrate concentrations of samples taken from the pit 
in the meadow ranged from 0.005 to 0.050 mg/1 with a non-weighted 
average of 0.014 mg/1. Samples taken from the forested area had 
nitrate concentrations ranging from 0.002 to 0.050 mg/1 with a non- 
weighted average of 0.19 mg/1. In both cases, layers with snow 
textures indicating the lesser melt had the higher concentrations.
The top layer had the maximum concentration; identical with snow 
taken from the snowboard. While the size of the sample population 
prevented statistical examination, the data indicates the meadow 
site, which had undergone more snowmelt, was more depleted with 
respect to incident precipitation chemistry. Fresher layers, having 
undergone less melt also appear to have higher concentrations. Both 
pits had several ice lenses representing refrozen meltwater. Ice 
lenses were not sampled because removal was impossible without cont- 
tamination. It is possible enriched meltwaters are stored in these 
lenses. However, without intense monitoring of snowpack melt and 
chemistry the data remain inconclusive, and interpretation only
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conjecture.
In mid-May, meltwater dripping from the snowpack and meltwater 
within the pack were sampled twice each. These samples had enriched 
chemistry for sulfate, chloride, phosphate and nitrate compared to 
concentrations in incident precipitation. Nitrate concentrations 
ranged from 0.085 to 0.180 mg/1 with an average of 0.113 mg/1.
Because meltwater chemistry is a function of the melt history of the 
snowpack (Johannessen and Henricksen, 1978), such large variability 
is not surprising given the samples were taken at three different 
locations in the watershed over a week's span.
The samples were not taken in duplicate, thus, there is a 
specter of possible contamination over the data. However, sampling 
methods were consistent and contamination is not indicated in the 
sampling of other regimes. If snowmelt fractionation is operating, it 
has important ramifications for both subsurface and stream chemistry. 
Early periods of snowmelt runoff would have disproportionately high 
concentrations of contaminants while later periods would be depleted. 
Such a mechanism may operate on a diurnal basis. Because melt history 
is dependent on location i.e., (aspect, elevation, canopy cover, 
etc.), meltwater chemistry would vary greatly in space and time. If 
fractionation is in operation, monitoring meltwater inputs to the 
soil would be more important than quantifying incident precipitation 
chemistry in determining temporal and areal relationships between 
the soilwater system and inputs.
1 4 5
3. Subsurface Chemistry
Complete data for the subsurface samples taken in the watershed 
and at the recharge plot are in Appendix 2, Tables A2.1 to A2.6. For 
the purpose of statistical examination, samples were stratified on 
the basis of regime sampled. The two populations were those taken from 
saturated soils (groundwater) and those taken from unsaturated soils 
(vadose zone).
As can be seen from the data in Appendix 2 prior to use of the ion 
chromatograph, nitrate concentrations were consistently below detec­
tion limits. Samples below detection limits were given a standard 
estimate. To only use samples above the detection liijiits would not 
only exclude many of the samples but also introduce a high bias.
Because there were two sets of detection limits, samples below 
the ion chromatograph limits of 0.001 mg/1 were set to 0.0005 mg/1 
(this was also used for stream samples below detection limits).
Samples below the liquid chemistry limits of 0.01 mg/1 were set to 
the average nitrate concentrations of subsurface samples below 0.01 
mg/1, analyzed by the ion chromatograph. The statistics of data 
generated by these methods for the subsurface water samples is 
summarized on a monthly basis in Table 6.
A t-test was used to test if the concentration differences 
between the groundwater and vadose water were statistically signif­
icant. The test populations included all samples taken during the 
9 month study. The hypothesis that groundwater had lower nitrate 
concentrations was significant at the 99.999 percent confidence 
limit, implying a very significant relationship. This is in sharp


























August 0.01 19 18 .002 .002-.020 15 3 .178 .002-1.06 .080
October 0.01 21 17 .003 .007-070 7 0 .170 .020- .680 .044
March 0.01 21 18 .004 .002-.040 3 2 .051 .002- .011 .004
April 0.001 24 15 .004 .0005- 4 2 .031 .0005-.120 .008
May 0.001 29 20 .002 .0005-.002 7 2 .021 .0005-.092 .006
June 0.001 34“ 24 .002 .0005-.019 9 0 .015 .002-.096 .004
August through
June variable 158 112 .003 .0005-.040 45 9 .095 .0005-1.06 .024
+ B.D.L. = belcw detection limits 
* includes "indexed" numbers 
‘"includes 7 samples frcm piezometers
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contrast with the conclusions of Coats et al., (1976) who suggested all 
nitrate removal occurred in the upper two inches of soil. However, they 
sampled no deeper than 32 inches and hence may have sampled ground- 
water only sporadically. These results do not agree with Hendry et al. 
(1983) who found the greatest removal of nitrate in the groundwater at 
depths greater than 12,feet.
There are two plausible reasons for the marked difference in 
chemistry between the two subsurface regimes. First, groundwater has 
a much longer average pathlength, being essentially a daughter product 
of the vadose zone. Hence, average residence time in the soil is 
greater. If biological and/or inorganic uptake or dentrification are 
proceeding with increasing pathlength and residence time in the soil, 
groundwater would have the least nitrate. The divergence is most 
 ̂ marked in August, 1982. This period probably marks the greatest dif­
ference in residence times between vadose and groundwater. However, 
concentration via evaporation in summer may also be a factor. Gene­
rally, the highest nitrate concentrations were found near the water­
shed divides. Also, denitrification may be occurring in the anaerobic 
zones in the meadow discharge zone.
Second, the vadose zone, by definition is aerated. Nitrate is 
most mobile and least transformed in soil environments where dissolved 
oxygen is present (Freeze and Cherry, 1979). It is in such aerobic 
environments that nitrification of other nitrogen forms commonly occurs. 
The nitrification process in the vadose zone may account for the high 
nitration concentrations in August and October, 1982. While soil mois­
ture was not quantified, it is known to have increased from February
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through June. The data in Table 6 indicate mean concentration for all 
subsurface samples decreased with increasing moisture content and areal 
extent of saturation. These two hypotheses intertwine; areas nearest 
the stream channel are always highest in soil moisture; saturated 
thickness increases and vadose thickness typically decrease with down- 
slope pathlength on hillslopes (Dunne and Leopold, 1978). Thus, the 
conditions may operate in tandem or the appearance of one as being 
important may be an artifice of intertwining with the other.
In the vadose zone, the water is nitrate enriched compared to 
the mean weighted precipitation concentration until the snowmelt 
period. However, this mean is highly biased by samples with high 
concentrations from sites near the watershed boundary remote, from 
both stream sections and groundwater zones (See Appendix 3). These 
areas may not be important to stream chemistry. For example, in May, 
the seven unsaturated samples had an average nitrate concentration of 
0.021 mg/1, but 3 came from the uppermost dry meadow near the water­
shed boundary. Excluding these three, the average is 0.002 mg/1.
All saturated samples from all sample dates were included in a 
t-test to determine if the difference was statistically significant.
The hypothesis that vadose water has higher nitrate concentrations 
than precipitation can be accepted at the 95 percent confidence inter­
val.
This statistical result is based on lumping the data temporally 
(small sample numbers prevented monthly assessment). This may bias the 
test for the vadose zone. Samples in August and October had mean 
values that were higher than the maximum concentrations found in other
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months. The chemistry of precipitation prior to August is unknown. 
However, concentration effects via evaporation and the unquantified 
effect of nitrification may have increased nitrate concentrations. In 
Ocotber, enrichment is indicated. This is possibly due to release of 
fixed nitrogen from the dormant nitrogen fixing shrubs, tobacco brush 
( Ceonothus sp ) and Alnus tenufolia ) (Fleschner, 1975) with 
subsequent nitrification. Storage within the snowpack complicates 
the picture for the other months. The amounts and concentrations of 
meltwater input to the soil are not known. During snowmelt, there is 
a steady trend of decreasing nitrate concentrations with considerable 
depletion indicated by June. It appears this results from a nitrate 
removal process rathern than flushing. Higher values are not indica­
ted in the groundwater. If fractionation is in operating as indicated, 
the vadose zone may be strongly removing nitrate from percolating 
water. Again, the importance of assessing meltwater inputs in order 
to assess nitrate transformations with pathlength is indicated. 
However, during snowmelt it appears there is a consistent reduction 
in nitrate concentration from precipitation to the vadose zone to 
groundwater.
Groundwater was depleted with respect to nitrate in precipitation 
both seasonally and over the nine months. This is statistically sig­
nificant over the study period at the 99 percent confidence interval. 
On a monthly basis, it is statistically significant at the 95 percent 
confidenc interval. Thus it appears there are efficient, consistent, 
continuous removal mechanisms which operate on nitrate along the water 
pathway from precipitation to ground water.
Seven samples taken from piezometers are included in the data 
analysis. While the population size is not statistically significant, 
only one sample concentration varied 0.001 mg/1 from those taken with 
nearby suction cell samplers. Contamination from monitoring is not 
indicated, all samples drawn were near detection limits. Thus, piezo­
meters appear to be a feasible method of groundwater sampling in tan­
dem with suction cells without introducing conflicting biases.
Data from specific sites is not summarized. Sample collection was 
too variable to be useful for statistical or comparison purposes. 
Possibily, after a longer, more successful record is established for 
each site, the data will be amenable to comparison and summary on a
150
site to site basis.
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4. Stream Chemistry
Streamflow chemistry was highly dependent on temporally varying 
hydrology as can be seen in figure 75 which presents nitrate concen­
trations in the stream superimposed on the discharge data for 
September through November, 1982. Samples with concentrations helow 
detection limits are plotted as 0.0005 mg/1. All stream samples were 
analyzed with the ion chromatograph and hence the detection limit is 
0.001 mg/1. Complete sample results are presented in Appendix 2,
Table A2.10.
The single highest concentration at the flume occurred during 
the large storm on September 16th. This storm event was the largest 
single loading event, delivery a total of 2972.2 g (37.34 g/ha) to 
the watershed. The relatively high in-stream concentration was 
probably due to direct contributions from this storm and minor 
flushing of the high in-soil concentrations indicated in the August 
subsurface sampling. While nitrate output was relatively high during 
this event, nitrate retention or removal is strongly indicated.
The stream concentration was more than an order of magnitude less than 
the precipitation concentration of 0.130 mg/1. Only 21.0 g existed 
the watershed in streamflow the entire month. For the rest of Septem­
ber through October, concentrations stayed below detection limits. In 
mid-November, a single sample was above detection limits. This occur­
red after rapid snowmelt. It was lagged about two days behind snowmelt 
and may have been a result of minor flushing of the high in-soil con­
centrations indicated in October. However, retention or removal is 
indicated as being dominant because the nitrate concentration of the
Figure 75. Synthesized streamflow discharge and concentration nitrograph












snow was 0.080 mg/1.
In winter, under steady—state conditions, nitrate concentrations 
were consistently below detection limits. Figure 76 shows nitrate 
concentrations and discharge data for the stream from December, 1982 
through February, 1983. During this period, monitoring of subsurface 
water chemistry was not done to equipment malfunction. However, it is 
known flow mechanisms were fairly steady. Input of meltwater was 
minimal. Meltwater most likely came from the pack base. If this 
process had continued for some time and was confined to a thin layer 
at the pack base, fractionation would have rapidly depleted the 
contaminants in this layer. Subsequent nitrate concentrations in the 
meltwater would have been low. The enriched, initial meltwaters would 
have been in such small quantities that dilution in the groundwater 
would have rendered them undetectable. Under these conditions, resi­
dence time of the water would have been relatively long. If removal 
or retention mechanisms were in operation, they would have had time 
to operate.
During the snowmelt period, one would expect stream water 
concentrations to rise only during periods of direct contributions 
because groundwater was consistently low in nitrate. This pattern 
emerged in March as indicated in figure 77. Concentrations remained 
below detection limits until the rain and wno event of March 12th.
The nitrate concentration jumps coincident with the initial peak on 
the storm hydrograph, giving further evidence the peak was generated 
from direct inputs. Concentrations rapidly returned to below detection 
limits with the cessation of direct inputs. The postulations of no
Figure 76. Synthesized and observed streamflow hydrograph and concentration nitrograph























interflow is somewhat supported by the nitrate chemistry pattern. The 
interflow water would have had nitrate concentrations similar to the 
precipitation or vadosezone. If interflow were a sizable contributor, 
rises in nitrate concentration would have occurred during the initial 
recession limb of the storm and snowmelt hydrographs. The pattern of 
low nitrate concentrations during groundwater generated streamflow 
was maintained until late in the month when diurnal melt resumed.
Again, stream nitrate concentration increased coincident with the 
discharge peak.
£he pattern or relatively high nitrate concentrations with dis­
charge from snowmelt becomes even stronger in April (Figure 78).
Peak nitrate concentrations coincide with daily peak discharge from 
snowmelt. The peaks represent where the highest fraction of direct 
stream contributions occur. The eleveated in-stream concentrations 
result from direct contributions to the stream, when the typical path­
way of precipitation to vadoze zone to groundwater to stream is by­
passed. This can be seen in figures 79 and 80 giving a closer look at 
stream nitrate concentrations and discharge from diurnal sampling in 
April during snowmelt and groundwater recession periods, respectively, 
firing snowmelt-generated diurnal fluctuations in streamflow, concen­
trations rise with peak discharge and decrease abruptly with the onset 
of groundwater recession (figure 79). As indicated in figure 80, during 
groundwater-dominated discharge (after a snowstorm), the nitrate 
chemistry does not detectably fluctuate with time until the discharge 
again begins to rise from snowmelt.
This pattern of discharge and nitrate concentration generally
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Figure 80. Hydrograph and nitrograph for diurnal sampling done April 28-30,





holds in May (figure 81). As the extent of saturated areas increase, 
direct input magnitudes increase and concentrations rise. However, by 
mid-May, the nitrate concentration peaks begin to lag behind discharge 
peaks. Concentration troughs continue to roughly coincide with dis­
charge minima. This was demonstrated by data from diurnal sampling on 
May 17th through 19th (figure 82). The lagged pattern similar to the 
results in Ward Creek of Coats et al. (1976) and Leonard et al. (1979) 
who mention the consistency of this during peak snowmelt periods.
Initially, it is perplexing that nitrate concentrations continue 
to rise during the groundwater controlled recession limb. Both the 
vadose and saturated soil-water near the stream were below the peak 
stream nitrate concentration; they could not account for this con­
tinuing rise. However, it is believed this lagged nitrate concentration 
peak is due to the overprinting of the dirunal start and cessation of 
light- and temperature- sensistive in-soil and in-stream removal mecha­
nisms rather than the changing of hydrologic sources. There are be­
lieved to be three dominant mechanisms for nitrate removal in the 
watershed: uptake by vascular macrophytes; bacterial and inorganic 
denitrification in the anaerobic garoundwhter .in the wet meadows; and 
uptake by periphyton in the stream. All three are light- and/or 
temperature sensitive. Thus, all three mechancisms would have been mini­
mal or inoperative under the snowpack. Diurnal fluctuations in acti­
vity would have also been absent or minimal during periods with snow- 
cover. These three removal mechanisms will be discussed in sequence 
prior to returning to the topic of stream nitrate concentration data.
Uptake by plants is undoubtedly occurring; most of the grasses and 
dormant riparian vegetation began to show signs of growth coincident
lime (days)
O'
Figure 81. Streamflow hydrograph and concentration nitrograph, May, 1983
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with snow removal. The forests in the area are nitrogen limited (Budy, 
personal communication), hence removal tends to be efficient. While 
nitrate uptake by the macrophytes is active rather than passive, its 
rates tend to coincide with evapotranspiration rates. Thus, peak plant 
uptake occurs just after solar noon or about 2:00 p.m. Furthermore, 
nitrate uptake is greatest during initial phases of growth so mid-May 
would probably represent the peak seasonal uptake of nitrate (Budy, 
personal communication).
Denitrification is probably in the anaerobic reduction zones in 
the wet meadows. While denitrification was not measured during spring- 
it was measured and documented in the summer of 1983 (Greenlee, in 
process). The process is highly temperature sensitive. Previous stu­
dies have found it effectively stops at temperatures below 5° C 
(Denmead et al., 1979). Previous studies have been conducted only in 
agricultural soils and thus may have only limited applicability to 
the present discussion Soil temperatures in winter under the snowpack 
remained above 5°C at depths greater than 4 feet on the recharge plot 
(Boone, 1983). Temperatures at shallower depths remained lower. Within 
a week of snowcover removal, however, temperatures in the upper three 
feet increased by more than 8° C, to 9° C. The wet meadows in the 
study watershed had much better solar exposure than the recharge plot, 
hence the temperature increase may have been greater. Snow was absent 
from the northern wet meadow by May 6th and gone from the southern 
meadow by the 16th. Thus, soil temperatures may have increased signi­
ficantly and with it denitrification rates. Daily surface soil tempera­
tures would peak at solar noon, hence denitrification rates in the
surface soil would peak at nearly the same time. Figure 83 from 
Denmead at al. (1979) shows the relationship between denitrification 
and temperature.
During the study, no effort was made to determine the presence of 
stream biota. It is not known what types existed. However, by May 10th, 
there was a conspicuous orange mat of iron-oxidizing bacteria at the 
confluence of the lower streams about 100 feet downstream from site 4. 
If this visually-obvious, lotic biota existed, it is reasonable others 
did as well. The upper part of the wet meadow had sluggish, diffuse 
flow. This would have provided an ideal substrate for periphyton and 
was the first area to be snow-free. Nitrate uptake by periphyton is 
both light- and temperature-sensitive. Once again, the uptake process 
should peak at about solar noon and drop quickly with the cessation 
of daylight. Sebetich, et al. (1984), working on a pristine stream 
in coastal California where periphyton uptake was the dominant control 
on nitrate concentrations, found the highest concentrations at night. 
Background nitrate concentrations were similar to those found in this 
study, ranging from 0.005 mg/1 to 0.023 mg/1. Adding nitrate to the 
stream, they found the communities capable removing up to 0.525 mg/1 
steadily for several hours. They estimated the periphyton removed 65 
to 70 percent of the added nitrate and this level of efficiency was 
due to the level of "nitrogen starvation" in the periphyton. They 
also concluded the periphyton were responsible for the diel background 
fluctuations and the pattern was light and thus, presumably algal 
photosynthesis controlled. While the study was conducted in a more 
temperate climate during baseflow, it may have some relevance.
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The nitrate concentration pattern is similar and one would expect the 
stream periphyton in the watershed to be nitrogen-starved if in 
existence. If the direct inputs were adequately characterized at ni­
trate concentrations of 0.113 mg/1, it appears the in-stream removal 
mechanism is quite efficient and rapid. It is doubtful groundwater 
dilution alone could account for the low stream concentrations, given 
the direct contribution concentration. Using chemistry-based hydro­
graph separation techniques (Pinder and Jones, 1967) results in a 
calculated groundwater contribution 98.7 percent at the peak discharge 
on May 19th. Considering the extent of saturated area, this estimate 
is unrealistic, even for a groundwater dominated stream.
It may be noted removal activity for all three removal/uptake 
mechanisms would be greatest around solar noon or 2:00 p.m. This 
would also correspond to the anticipated peak in nitrate concentra­
tions if removal were not occurring. Assuming removal is occurring, 
a nitrograph for the same period without removals might look like the 
one presented in figure 84. Thus, the observed, continuing rise in 
concentration with recession may be due to the overprinting of the 
cessation of the removal mechanisms coupled with continuing drainage 
of the snowpack meltwaters and bank storage. The diurnal changes in 
these mechanisms would be inoperative or nearly so in winter under 
the snowpack. This could explain why no lagging is observed in March 
and April.
The peak concentrations generally began to decrease after May 20th. 
This was ostensibly due to the remaining pack being depleted from 
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Figure 84. Stream hydrograph, actual nitrograph and hypothetical 
nitrograph without uptake/removal mechanisms. cr*
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of the removal mechanisms. When direct inputs were no longer control­
ling peak discharge generation, concentrations dropped considerably as 
indicated by data from diurnal sampling in May 25th to the 27th. The 
nitrate data show no pattern with discharge (figure 85). The nitrate 
concentration pattern does reflect the increasing complexity of 
factors operating at that time. Removal mechanisms are continuing to 
increase activity, the lower part of the watershed is still dis­
charging to the stream system but at a lesser rate, the upper areas 
are contributing at greater rates, snowmelt is continuing but snow- 
cover is rapidly decreasing, all direct contributions are probably 
restricted to the central part of the watershed. Without a flume to 
measure flow from the upper watershed, it is difficult to ascertain 
the dominant mechanism shaping stream nitrate chemistry.
In June, nitrate concentrations remained low relative to those 
in May. The stream hydrograph and nitrate concentrations for the month 
are shown in figure 86. After June 5th, concentrations remained below 
detection limits except for the sharp rising limbs of storms, as 
expected. Only one rising limb of a storm was sampled. Though minor, 
it showed the expected effect of elevating nitrate concentrations in 
the stream.
There are indications that nitrate concentrations in the upper 
segments of the stream are higher than at the flume. The highest in- 
stream nitrate concentrations (0.020 mg/1) were found below the 
perennial springs and midway between site 39 and site 21 on March 30th. 
Nitrate concentration at the flume on the same day was 0.003 mg/1. 
Without a quantitative assessment of the flow from these segments it
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is impossible to determine whether this resulted from dilution via 
groundwater in the meadow or uptake with pathlength. Concentrations 
found in samples taken from upper flowing segments can be found in 
Appendix 2, Table A2.8.
Stream concentrations at the flume seldom exceeded the lowest 
concentrations in precipitation. Furthermore, they never approached 
the weighted average of precipitation. This results from the dominance 
of groundwater in generating streamflow. It is only when the temporally 
dominant pathway of precipitation through the subsurface system into 
the stream is bypassed that concentrations become detectably elevated. 
However, there are also indications of in-stream removal. The entire 
system seems well adapted to retaining or removing nitrate. This is 
further supported by the nitrate budget.
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5. The Nitrate Budget
Input and output data are summarized for the nine months and 
on a monthly basis in Table 7. The table and discussion should be 
preceded by some caveats. The budget is not an annual estimate with 
only nine months of data. It is not known how much water was lost from 
natural groundwater diversion. For budgeting purposes, concentrations 
below the detection limits were set to 0.0005 mg/1.
As can be seen from the data, the system is indeed remarkably 
efficient in nitrate removal. This is underscored by three important 
factors. First, there are unquantified atmospheric inputs from the 
nitrogen fixing shrubs and dry fall. Fleschner (1975) estimated 
nitrogen fixation rates from alders to be 1800 g/ha/yr. Second, 
nitrification of other nitrogen forms was not quantified. This could 
be a significant input to the nitrate pool in the watershed. Finally, 
removal or uptake of nitrate appears to be subsurface dominated. As 
previously discussed, the study period data represent a maximum 
bypassing of this path with a lengthy return period.
This efficiency is indicated in the summarized data for May and 
September (Table 7). May had the least amount of precipitation 
loading, the greatest magnitude and duration of direct stream contri­
butions, a great release of nitrate stored in the snowpack, yet 
only 14.1 percent of the incoming load exited in streamflow. Septem­
ber was the month of highest atmospheric loading, had no snowpack 
storage of nitrate, but output was 0.4 percent of the incoming load 
of nitrate.
The effect of snowpack storage of nitrate is well indicated.
Table 7. Surmary of nitrate input in precipitation and output in streamflow.

















September 68.58 5459.0 21.01 0.26 0.4 10.3 0.0016 5438.0 68.32
October 37.78 3007.3 6.39 0.08 0.2 3.1 0.0005 3000.9 37.70
November 84.62 6735.8 8.52 0.11 0.1 4.2 0.0006 6727.3 84.51
December 30.48 2426.2 6.89 0.09 0.3 3.4 0.0005 2419.3 30.39
January 18.92 1506.0 4.73 0.06 0.3 2.3 0.0005 1501.3 18.86
February 44.18 3516.7 4.53 0.06 0.1 2.2 0.0005 3512.2 44.12
March 60.45 4811.2 8.12 0.10 0.2 4.0 0.0006 4803.1 60.35
April 66.27 5275.1 15.50 0.19 0.3 7.4 0.0011 5259.6 66.07
May 8.36 665.5 93.60 1.18 14.1 46.0 0.0020 571.9 7.18
June 30.23 2406.3 34.20 0.43 1.4 16.8 0.0009 2372.1 29.8
September-
June 449.87 35,809.1 203.49 2.56 0.6 0.0011 35,605.6 447.31
September-
June+ 449.87 35,809.1 381.35 4.79 1.06 0.0021 35,427.8 445.1
*based on "indexed" value of 0.005 mg/1 for samples with concentrations < 0.001 mg/1 
+based on assuming analysis error of -0.001 mg/1 for the 9 months
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Months with little melt had low outputs. Over 70 percent of the total 
stream nitrate output for the nine months exited during the three 
months of peak snowmelt. Including September as a month of no snowpack 
storage, 80.4 percent of nitrate output from the watershed occurred 
in the four months without snowpack accumulation.
The magnitude and efficiency of nitrate removal is much higher 
than that found by previous researchers. Leonard et al. (1979) 
calculated annual nitrate outputs ranging from 214 to 271 g/ha in 
three years in Ward Creek with atmospheric loading of the same order 
of magnitude as this study. They cited the influence of nitrogen 
fixing shrubs as an important contributor to stream nitrate concentra­
tions. This does not explain the differences of output magnitude.
Ward Creek has about one percent cover of alder (Leonard, et al., 1979). 
The cover of alder in the study watershed is not known but was estima­
ted to be close to that percentage and tobacco brush is ubiquitous. 
Stream concentrations were consistently much higher in Ward Creek. 
Possibly, the large differences were from groundwater. Loeb and 
Goldman (1979) found the average groundwater concentration of nitrate 
was 0.162 mg/1 in the Ward Creek watershed. Groundwater in the study 
watershed had a mean of 0.003 mg/1. Differences may also be due to 
the amount of development. At the time of Ward Creek studies, 30 homes, 
two access roads and a ski lift were located in the Ward Creek water­
shed. Furthermore, Ward Creek had been previously logged. Loeb and 
Goldman (1979) hypothesized leachate from old septic tanks contributed 
to the high concentrations of nitrate in the groundwater. By contrast, 
the study watershed for this investigation is believed to be one of
the last remnants of virgin forest.
Ward Creek also has a much different physical situation. Stream- 
flow is much flashier (1 cfs in fall and 300-500 cfs during snowmelt) 
and more efficient with respect to input (Brown, 1972). Soils and 
geology are more pyroclastic and flow less groundwater dominated 
(Brown, 1972). The sampling was done on 3rd to 4th order streams, 
while the sampling in this investigation was done a 1st order 
stream. With such contrast in physical setting, differing hydro- 
biologic mechanisms are quite possible.
Even if it is assumed all stream samples analyses had an error 
of -0.001 mg/1 N03-N, only 1.06 percent or 4.79 g/ha of nitrate exits 
the watershed in streamflow. It is just as likely the error was in 
the opposite direction. However, not all water input showed up as 
stream ouput. The amount lost to sublimation, evaporation and trans­
piration would not have removed nitrate. The amount lost as ground- 
water would have low concentrations. It is suggested that stream 
concentrations from July through August would also remain low.
The monthly retention number is of questionable worth during 
months with the snowpack. However, the total figure for the study 
period is an indicator of the watershed's ability to retain nitrate. 
While most of the stream output seems to be from precipitation sources, 
most is retained even during a year when direct meltwater contribu­
tions to the stream were at a maximum. The efficient retention appears 
to be due to the spatial and temporal prevalence of subsurface runoff as 
the dominant pathway of precipitation to streamflow coupled with 
effective in-soil removal processes.
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CONCLUSIONS
Some of the following conclusions were specific goals of the study. 
Others were by-products of the areally—intensive, integrated monitoring. 
The following conclusions are based on the data taken on the study site 
and the recharge plot from September, 1982 through June, 1983 and the 
findings of past investigations in nitrate transport in the Sierra 
Nevada.
The stream system was groundwater dominated. Typical path for 
precipitation was through the vadose zone to the groundwater and into 
the stream. Nitrate removal within the soil was very effective. The 
majority of groundwater samples had nitrate concentrations consistently 
below the detection limits of 0.001 mg/1 N03-N. Mean nitrate concen­
tration of groundwater was always an order of magnitude below the 
weighted average concentration of precipitation. Only sporadic maxi- 
mums approached the precipitation concentrations. In summer and autumn, 
concentrations in the vadose zone were enriched with respect to pre­
cipitation concentrations. During spring snowmelt there was a con­
sistent decrease in concentration from precipitation to vadose zone 
to groundwater. The groundwater was very significantly depleted in 
concentration with respect to both the vadose zone and precipitation 
nitrate concentrations. Uptake or removal was indicated because 
groundwater is a daughter product of precipitation and vadose water. 
Denitrification under anaerobic, reducing conditions is a likely 
mechanism for removal. The meadow soils had zones which indicated 
reducing environments. Henry et al. (1983) documented the importance
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denitrification within shallow groundwater system in a Canadian water­
shed. Such a mechanism could be very important in the Tahoe area. The 
change in predominant water pathway from subsurface runoff to overland 
flow due to the impermeable areas caused by development (parking lots, 
roads, etc.) may be an important cause of recent increases in nutrient 
loading
The removal of mechanism in the groundwater appears to be active 
year-round. Groundwater concentrations had very low variability. In 
the spring, uptake by vascular macrophytes in the vadose zone is also 
a likely mechanism.
The dominance of groundwater generated streamflow coupled with 
in-soil removal mechanisms kept stream nitrate concentrations at a 
minimum. Only during peak snowmelt was the typical runoff pathway 
bypassed. The stream system had nitrate concentrations <0.001 mg/1 
during periods of groundwater-generated runoff. Only during periods 
of direct dontributions to streamflow and no snowpack storage were 
these concentrations elevated. Precipitation was thus the dominant 
contributor to nitrate in the stream in the relatively pristine water­
shed studied.
The watershed as a whole was very efficient in retaining or re­
moving nitrate as indicated by the percent of nitrate retained. This 
may result from the level of nitrate limitation in the ecosystem. In 
a year of presumably heavy loading and leaching, less than one per­
cent of precipitation-deposited nitrate exited the watershed as stream- 
flow during the nine months of study.
Nitrate output in streamflow for the nine months was estimated at
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381.35 g or 4.79 g/ha. Precipitation input for the same period was 
35809.1 g or 449.87 g/ha. Retention or removal was 35,605.6 g or 
447.31 g/ha N03—N. If this capacity to retain and or remove nitrate 
is indicative of Tahoe Basin watersheds prior to disturbance, it is 
easy to see how Lake Tahoe has remained oligotrophic over time.
The operation of snowmelt fractionation is somewhat indicated. 
Removal or uptake with pathlength in the stream is also indicated. 
Without further investigation, however, the operation of such 
mechanisms remains hypothetical.
The lagging of peak nitrate concentrations behind peak stream- 
flow with the removal of snowcover indicate the overprinting of 
diurnal nitrate uptake/removal mechanisms on stream nitrate concen­
trations. Uptake by vascular macrophytes, denitrification, or uptake 
by periphyton could account for the observed lagged behavior common 
during snowmelt. These mechanisms may all be contributing to the 
phenomenon.
Integrated hydrologic data indicate the total system approached 
steady-state for approximately three months under the insulation of 
deep, wet snowcover. While midwinter snowmelt did not increase 
storage, it is postulated that it maintained it. There are two 
possible mechanisms for the steady state in winter which may be acting 
in tandem. They are steady production of meltwater and steady infil­
tration of the meltwater. The midwinter melt is believed to occur at 
the pack base as a result of soil heat flux. Such a mechanism could 
be widespread and a dominant generator of midwinter baseflow in 
headwater streams on the east side of the Sierra Nevada.
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An original synthesis of the observed data from the study and 
the conclusions of past research indicates processes and physical 
factors operating within the hydrologic system are greatly inter­
related. Within the dynamic hydrology of snowcovered watersheds with 
subsurface generated streamflow, the effects of the vadose and 
groundwater zones on the snowpack cannot be neglected. The nature of 
the mechanisms tends to maintain whatever physical situation exists. 
Processes occurring during snowmelt also tend to be maintained by 
intrinsic effects. The concept is similar to homeostasis and appears 
to apply to temperate, snowcovered watersheds. The conceptual frame­




As the title of this investigation implies, the study was an 
initial reconnaissance. The results point out the necessity of other 
investigations if the level of conjecture is to be transformed to 
some degree of certainty. The following is a discussion of recommended 
methods and investigations for future research into nitrate transport 
in Sierra watersheds.
Groundwater response should be monitored in a continuous, record­
ing manner similar to streamflow and precipitation. This wou<ld better 
delineate the runoff relationships between the three. It would not 
be necessary to do so for a large number of piezometers, though it 
would undoubtedly shed more light on areal variability of groundwater 
response.
If groundwater monitoring is undertaken, measuring points should 
be surveyed, at least relative to adjacent streams. This would allow 
Identification of gaining and losing reaches. Head gradients could 
also be determined. Coupled with hydraulic conductivity measurements, 
saturated velocities could be calculated. This would yield residence 
times. Calculated on a seasonal basis, this may aid in understanding 
nitrate removal rates.
The vadose zone should be more intensively monitored hydrologic- 
ally. Development of soil moisture characteristic curves for unsatu­
rated hydraulic conductivity and water retention would be useful in 
determining flux through this zone. Use of neutron moisture logging 
would allow a more complete picture of the subsurface hydrology. It 
could also be used to interpret water chemistry as noted in Rhodes
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et al. (1983).
With the use of the neutron probe, event-based as well as time- 
based sampling should be conducted. This would allow better estimation 
of point stripping of nitrate in—situ. Details can be found in Rhodes 
et al. (1983).
The present investigation should be continued. The effect of 
different precipitation amounts could be identified. Also, a larger 
data base would be helpful for statistical manipulation.
A similar study in a developed area would probably be enlighten­
ing. Comparison of results would aide in the identification of 
mechanisms of load elevation to Lake Tahoe. It would also give an 
estimate of difference between pristine and developed watersheds.
Variability of precipitation with elevation should be quantified. 
More accurate loading estimates would result.
Upper areas should have flow measurement concurrent with stream 
sampling. This would allow calculation of loading changes through 
various reaches. With this calculation, the hypotheses of downstream 
dilution or in-stream uptake with pathlength could be rejected or 
accepted.
Midwinter soil-water chemistry should be monitored. The results 
this this study indicate it is an important period of change in 
nitrate concentrations. A longer, more consistent record should be 
developed for the individual sites to assess differences in response.
If such a data base is accrued, multivariate regression and 
factor analysis should be employed to identify important controls on 
nitrate chemistry. Dependent variables to be investigated might be
vegetation type on upslope areas, distance from watershed divide 
(a rough indicator of pathlength), moisture content, season, previous 
concentrations (auto-correlation), upslope concentrations, and soil 
type.
If suction cell samplers are to be used, they should be used at 
shallow depths in the soil. This is more economical; the samplers are 
expensive. The groundwater can be adequately sampled by piezometers. 
This would also involve less maintenance, because removal of the 
samplers is difficult at depths greater than three feet. Additionally, 
nitrate concentrations in the upper layers need to be better quanti­
fied. Stacking of the samplers in banks would probably be more 
illuminating as well.
Both hydrologic and nitrate budgets should be done on an annual 
basis. These should be done over several years for assessment of 
changes with changing climatic factors.
Both quantity and quality of meltwater inputs beneath the snowpack 
should be monitored. This would delineate changes in chemistry within 
the snowpack, and aid in determining the rate of midwinter snowmelt 
from the soil heat flux. It would also allow better comparisons of 
soil-water chemistry to actual input to the soil. The effects of 
snowpack storage of contaminants would also be better quantified. 
Determination of the importance of snow fractionation could also be 
made.
Bioassays should be conducted seasonally on the stream to deter­
mine the absence of presence of bacterial and algal communities. If 
found, effort should be made to investigate their role in nitrate
18 2
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removal. This could be done by lab experiments or in the field with 
the addition of nitrate to the stream with downstream monitoring.
Nitrate retention or removal mechanisms beneath the snowpack 
should be investigated. Mechanisms to be investigated would include 
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Figure A.l 20. Piezometric Data
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Figure A.l 22. Piezometric Data.
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Figure A.l 27. Piezometric Data.
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Figure A.l 34. Piezometric Data.
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Figure A.l 36. Piezometric Data.
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1A <.01 .15 S
2A <.01 .06 S
4A <.01 .04 S
5A <.01 .02 S
6A <.01 .08 S
3 <.01 .02 S
4 .08 .03 US
5 .08 .31 US
6 .24 .02 US
7 .02 .02 US
8 .04 .03 US
10 .15 .02 US
12 <.01' .04 US
13 <.01 .02 S
15 <.01 .02 S
16 <.01 .03 S
17 <.01 .02 S
18 <.01 .05 US
19 <.01 .04 s
21 <.01 .02 s
24 1.06 .01 US
27 .18 .02 US
28 .29 .02 US
29 .11 .04 US
30 .01 .04 US
32 <•01 .02 u
33 .40 .19 US
34 <.01 .04 s
35 .02 .03 s
37 <.01 .03 s
38 <.01 .03 s
39 <.01 .02 s
40 <•01 .02 s
41 <.01 .02 s
S=SATURATED US=UNSATURATED SOIL
242








1A .06 .09 US
2A <.01 .08 S
4A <.01 .04 S
5A <.01 .01 S
6A .01 .06 S
5 .02 .35 US
6 <.01« .02 S
7 .29 .02 US
8 <.01 <.01 S
13 .01 .02 S
15 .01 .02 S
16 <.01 <.01 S
17 <•01 .02 S
19 <.01 .04 S
20 .05 .02 US
21 <.01 .01 S
28 .05 .03 US
30 .01 .03 US
31 .68 .04 US
32 <.01 <.01 s
33 <.01 .21 s
34 <•01 .01 s
35 <.01 <.01 s
36 <.01 .02 US
37 <.01 .02 s
38 <.01 .02 s
39 <.01 <.01 s
40 .04 .02 s
41 <.01 <.01 s
ANALYSIS BY LIQUID CHEMISTRY 
US = UNSATURATED SOILS 
S = SATURATED SOILS
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2A <.01 .04 S
3A <.01 .02 US
4A <.01 .02 S
6A <•01 .02 S
4 <.01 .02 S
6 <•01 <.01 S
7 <•01 .04 S
8 <.01 <.01 S
12 <.01 .18 S
15 <.01 <.01 S
16 <.01 <.01 S
17 <.01 <.01 S
19 <.01 .02 S
20 <.01 .01 US
21 <.01 <.01 S
32 .01 <.01 S
33 <.01 .19 S
34 .04 <.01 S
35 <.01 <.01 S
37 <.01 <.01 S
38 <.01 .01 s
39 <.01 <.01 s
40 .01 <.01 s
41 .01 <.01 s
ANALYSIS BY LIQUID CHEMISTRY 
US = UNSATURATED SOILS 
S = SATURATED SOILS
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LA <.001 .055 .52 4.05 S
2A <.001 .047 .22 1.16 S
3A .004 .019 .57 .55 US
4A .007 .037 .92 1.61 S
5A <.001 <004 .13 .94 S
6A <•001 .045 .35 .79 S
4 .002 .036 .44 .55 s
6 .075 .002 1.30 .93 s
7 .001 .021 1.80 .71 s
8 <.001 <.004 .15 .30 s
11 <.001 <•004 .66 .21 US
13 <.001 .006 .23 .36 s
15 .004 <004 .20 .34 s
16 .001 <004 .28 .42 s
17 .002 .015 .31 .51 s
19 <.001 .014 .40 .81 s
21 <.001 .002 .19 .61 s
29 .120 .014 6.2 1.60 US
31 <.001 .028 .92 1.7 s
32 .003 <004 .45 .47 s
33 <.001 .160 1.68 1.85 s
34 .002 <.004 .30 .67 s
35 <.001 <.004 .12 .19 s
36 <.001 .004 1.9 .66 s
37 <.001 <.004 .53 .87 s
39 <001 <0 0 4 .28 .42 s
40 <.001 <.004 1.45 .50 s
41 <001 <.004 .15 .08 s
ANALYSIS BY ION CHROMATORGRAPHY 
S = SATURATED SOILS 
US = UNSATURATED SOILS
24 5












1A <.001 .47 .22 1.16 S
2A <.001 <.004 .41 1.15 S
3A .001 .018 .73 .35 S
4A .004 .031 1.05 1.08 S
5A <.001 <. 004 .09 .65 S
6A <.001 .010 .49 .73 S
4 .002 .015 .69 .83 S
5 .007 .045 .57 .86 US
6 .007 <.004 .81 .44 S
7 .001 .009 1.43 .52 S
8 <•001 • <.004 .27 .29 S
9 <.001 .013 1.65 .85 US
11 .007 .044 .75 .86 US
13 <.001 .004 .33 .45 S
15 .001 <.004 .16 .36 S
16 <.001 <004 .93 .62 S
17 <.001 .007 .11 .49 S
19 <.001 .011 .48 .89 S
20 <.001 <.004 .66 .46 S
21 .002 <004 .29 .66 S
22 .035 <004 3.6 1.20 US
24 .092 .002 1.04 1.10 US
23 .007 <.004 1.08 1.20 US
31 .001 .035 .60 1.00 s
32 <•001 <.004 .27 .29 s
33 <001 .100 .13 2.80 s
34 <.001 <•004 .34 .41 s
35 <•001 <004 .13 .24 s
36 <.001 .004 .42 .28 s
37 .016 <.004 1.00 .68 s
38 .007 .006 .30 .27 s
39 <.001 <.004 .87 .37 s
40 <001 <.004 * .16 s
41 <.001 <004 * .17 s
ANALYSIS BY ION CHROMATOGRAPHY 
S = SATURATED SOILS 
US = UNSATURATED SOILS 
*=NO ANALYSIS
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1A .001 .011 .16 1.44 S
2A <.001 <.004 .74 1.03 S
3A <.001 .011 2.60 .56 S
4A .019 .037 .76 .99 S
5A <001 <•004 .22 .61 S
6A <.001 .009 .36 .70 S
4 <.001 .016 .59 .65 S
5 <.001 .043 9.40 2.20 US
6 <.001 <004 .48 .28 S
7 < 0 0 1 .008 1.56 .39 S
8 .001 <004 .50 .40 S
9 .001 .096 2.90 .31 US
11 .014 .064 .78 1.02 US
12 .001 .008 .68 .71 S
13 <.001 <004 .34 .40 S
15 <001 <.004 .21 .43 S
16 .001 <004 1.22 .62 S
17 <001 .007 .11 .49 S
19 <001 .010 .49 .67 S
20 .001 .005 .28 .59 S
21 <.001 <004 .18 .45 S
23 .002 <.004 * .36 US
24 .018 <004 * 1.00 US
27 .010 .004 * .08 US
29 .044 .018 .76 .85 US
31 .005 .035 .25 .76 s
32 <.001 <.004 .34 .53 s
33 <.001 .061 .10 1.04 s
34 <•001 <.004 .35 .10 s
35 .001 <004 .98 .42 s
36 .044 <004 5.32 .83 US
37 .002 .004 .19 .47 s
38 <•001 .004 .31 .31 s
39 <001 <.004 .18 .26 s
40 <001 <004 * 6.00 s
41 .001 <.004 .28 .24 s
ANALYSIS BY ION CHROMATOGRAPHY 
S = SATURATED SOIL 
US = UNSATURATED SOIL 
*=NO ANALYSIS
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SP 3-18-83 .012 <.004 * * MP AT SOIL SURFACESP 3-01-83 .010 <.004 * * MP 0.25 FEET ABOVE 
SOIL SURFACESP 3-18-83 .005 <.004 * * MP 0.80 FEET ABOVE 
SOIL SURFACESP 3-18-83 .011 <.004 * * MP 1.5 FEET ABOVE 
SOIL SURFACESP 3-18-83 .008 <.004 * * MP 1.6 FEET ABOVE 
SOIL SURFACESP 3-18-83 .012 <.004 * * MP 2.4 FEET ABOVE 
SOIL SURFACE
SP 3-18-83 .007 <.004 * * MP 2.6 FEET ABOVE 
SOIL SURFACE
SP 3-18-83 .010 <•004 * * MP 3.1 FEET ABOVE 
SOIL SURFACE
SP 3-18-83 .050 .006 * * MP SNOWPACK 
SURFACE
SP 3-18-83 .010 <.004 * * FP 0.2 FEET ABOVE 
S SURFACE
SP 3-18-83 .020 <.004 * * FP 1.5 FEET ABOVE 
SOIL SURFACE
SP 3-18-83 .010 <.004 * * FP 2.8 FEET ABOVE 
SOIL SURFACE
SP 3-18-83 .020 <.004 * * FP 4.6 FEET ABOVE 
SOIL SURFACE
SP 3-18-83 .020 .010 * * FP 5.2 FEET ABOVE 
SOIL SURFACE
SP 3-18-83 .002 <.004 * * FP 5.4 FEET ABOVE 
SOIL SURFACE
SP 3-18-83 .050 <.004 * * FP SNOWPACK 
SURFACE
SF 5-18-83 .180 .039 .13 .16 SFI
SF 5-24-83 .085 .065 .26 .10 SFI
MW 5-24-83 .170 .06 3 6.86 IN SNOWPACK AT MWSI
MW 5-24-83 .016 .09 3 .10 IN SNOWPACK ATOP
ICE LENS AT MWS2
SP=SNOW IN PACK
SF=MELTWATER ON SATURATED AREAS 
MW-MELTWATER IN SNOWPACK 
*=NO ANALYSIS
MP=SNOWPIT IN MEADOW 
FP=SNOWPIT IN FOREST COVER 
MWS=SUCTION CELL IN SNOWPACK
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SS 10-25-83 .020+ <.010+ * * AS1
PS 3-30-83 .015 .015 * * DS
SS 3-30-83 .020 .010 * * MD
PS 3-30-83 .020 .010 * * CS
SS 3-30-83 <.010+ <.010+ * * AS 2
PS 4-26-83 .008 .018 * * DS
PS 4-26-83 .020 <.004 * * CS
ES 5-19-83 .026 .004 * * ESI
SS 5-24-83 .007 <.004 * * AS 2
SS 5-24-83 .002 .012 * * MD
PS 5-24-83 .005 <.004 * * CS
PS 5-24-83 .006 .027 * * DS
ES 5-26-83 .005 .020 * * ESI
ES 5-27-83 .002 .022 * * ESI
ES 5-27-83 .002 .020 * * ES2
PS 5-29-83 .004 .009 * * DS
ES=EPHEMERAL STREAM SEGMENT 
*=NO ANALYSIS
+ANALYSIS BY LIQUID CHEMISTRY
PS=PERENNIAL SPRING 
SS=PERENNIAL STREAM SEGMENT
Figure A2.1 Location of snowpack, meltwater and surface water sampling sites.
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S04 CL N03-N LOAD 
(MG/L)(MG/L) (G/HA)
TYPE METHOD
9-16-82 2.10 .070 .02 * * 37.34 SER LC
•9-18-82 .20 .030 .03 * * 1.52 SER LC
9-25-82 1.95 .030 .03 * * 14.86 MER LC
9-29-82 .45 .13 .02 * * 14.86 ME LC
10-07-82 .18 .04 .02 * * 1.83 SER LC
10-24-82 .44 .270 .04 * * 30.18 MEX LC
10-25-82 1.44 .005 <.01 * * 1.87 SEX LC
10-26-82 .86 .015 <.01 * * 3.28 SEX LC
10-29-82 1.24 .002 .008 •k * .64 SEX IC
11-10-82 .74 .080 <.01 * * 15.04 ME IC
11-19-82 2.73 .080 <.01 * * 55.47 ME IC
11-22-82 .54 .020 <.01 * * 2.74 ME LC
12-01-82 4.07 .011 <.001 * * 11.37 ME IC
12-07-82 .24 .12 <.01 * * 7.32 ME LC
12-13-82 .58 .06 <.01 * * 8.84 ME LC
12-22-82 1.88 .03 <.01 * * 14.33 SE LC
1-16-83 .38 .01 <.01 * * .96 SE LC
1-19-83 .75 .02 <.01 * * 3.81 SE LC
l-22-r83 .90 .008 .003 * * 1.83 SE IC
1-25-83 1.49 .01 * * * 3.78 SE LC
1-28-83 1.38 .02 * * * 7.10 ME LC
1-30-83 .60 .01 * * * 1.52 SE LC
2-08-83 2.61 .03 * * * 19.88 ME LC
2-10-83 .35 .06 * * * 5.33 SE LC
2-14-83 .85 .02 * * * 4.32 SE LC
2-18-83 1.49 .02 * * * 7.57 SE LC
3-01-83 3.16 .02 * * * 17.07 ME LC
3-03-83 .40 .03 * * * 3.05 ME LC
3-07-83 .34 .04 * * * 3.45 ME LC
3-13-83 2.81 .007 <.001 * * 5.00 MEX IC
3-16-83 .18 .07 <.01 * * 3.20 ME IC
3-19-83 .39 .050 .008 * * 4.95 ME LC
3-21-83 .39 .044 <.01 * * 4.36 SE LC
3-22-83 .18 .02 <.01 * * .91 SE LC
3-24-83 .93 .06 <.01 * * 14.17 SE LC
3-25-83 1.38 .02 <.01 * * 7.01 SE LC
3-27-83 .34 .01 <.01 * * .86 SE LC
3-31-83 1.37 .01 <•01 * * 1.87 SE LC
4-05-83 .26 .03 <.01 * * 1.98 SE LC
4-12-83 .31 .18 <01 * * 14.17 ME LC
4-14-83 .37 .09 <.01 * * 8.46 SE LC
4-20-83 .47 .047 <.004 .13 .05 5.61 SE IC
4-25-83 2.20 .043 <•004 .14 .05 24.03 ME IC
4-29-83 .67 .044 .002 .32 .12 7.49 ME IC
4-30-83 .22 .081 <.004 .18 .02 4.53 SE IC
5-05-83 .19 .11 .004 .27 .09 5.31 SE IC
5-10-83 .10 .12 .015 .71 .17 3.05 SE IC
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S04 CL N03-N LOAD 
(MG/L) (MG/L) (G/HA)
TYPE METHOD
6-03-83 .41 .18 .015 .52 . .13 18.74 SER IC
6-07-83 .04 .69 .15 .88 .47 7.01 SER IC





ME=MULTIPLE EVENT, LUMPED SAMPLE 
SE=SINGLE EVENT, SINGLE STORM SAMPLED 
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5-27-83 14:20 .002 .020
5-27-83 16:20 <.001 .028
6-01-83 13:25 <.001 .010
6-02-83 07:10 .002 .010
6-07-83 11:00 .006 .002
6-07-83 12:00 <.001 .008
6-07-83 15:30 <.001 .008
6-10-83 23:00 <.001 .009
6-11-83 06:30 <.001 .010
6-11-83 10:30 <.001 .007
6-29-83 16:30 <.001 .004
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